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Abstract
Environmental regulations have recently been enacted to protect the environment from
contamInation by waste materials emanating from various industrial sources. These
regulations have specified alternative treatment and disposal methods be investigated.
One such method that is currently under investigation is the utilization of geotextile tubes
to contain and dewater waste materials. Geotextile tubes can be used to encapsulate
dredged sediments as an alternative to constructing con~ned disposal facilities, sludge
ponds and other open-air facilities. These tubes can also be utilized to encapsulate and
dewater industrial waste sludge that often needs to be treated before it may be disposed of
at a landfill.
The purpose of this study is to determine the filtration and consolidation behavior of
geotextile tubes. A variety of fabrics used in the·construction of the tubes were tested in
conjunction with several types of materials. The following tests were conducted:
1. Material characterization of geotextiles and encapsulated materials,
2. Characterization ofpore-size distributions through the bubble point, mercury
porosimetry and dry sieving techniques,
3. Vacuum Filtration tests,
4. Centrifuge tests
1
Test results and subsequent analysis of results with respect to retention, filtration and
permeability criteria indicate that vacuum filtration testing can be utilized to predict the
behavior of geotextile tubes, and that geotextile tubes remain a viable alternative to
conventional waste sludge and dredged sediment disposal methods.
2
Chapter 1
Introduction
1.1 Background
As the rate of industrialization continues to increase both in the United States and abroad,
the effects of pollution and environmental degradation have also become more
pronounced. An increased awareness and concern regarding the state of the environment
and public health has yielded greater demand for technologies that can effectively treat
a~d safely Clispose of waste products (LaGrega et aI., 1994).
One particular problem faced by many engineers is finding new ways to dispose ofhighly
compressible saturated waste materials. The processes by which saturated waste
materials are handled and treated have become increasingly complicated and expensive
due to more stringent environmental regulations. These regulations have been enacted
becausein many cases, saturated waste materials are contaminated with heavy metals and
other particulate-bound pollutants.
Two examples of waste material include dredged sediment and industrial waste sludge.
Dredged sediments are difficult to utilize in construction due to the high water content,
low strength and limited ability serve as on-site fill or grading material (Fowler et aI.,
1995). Industrial sludge, which is often the end product ofa wastewater treatment
3
system, often does not have an adequate solids content to be properly disposed of at a
landfill. This type of situation can often be a costly problem (Gaffney et aI., 1999).
Fortunately, an economical and functional solution to address these concerns has been
developed. From a functional standpoint, geotextile tubes perform adequately with
respect to containment and at the same time dramatically increase the rate of de-watering
when compared with other traditional methods such as sludge ponds and dredged
sediment containment facilities (Gaffney et aI, 1999). Geotextile tubes are easier and
cheaper to construct, as opposed to dredged sediment containment facilities that often
require very large areas of land.
Geotextile tubes are made of sewn geotextile sheets. Inlet openings on top allow for the
attachment of a pipe that transports hydraulic fill into the tubes. Typically the hydraulic .
pipe inlets are spaced anywhere between 10 and 150 meters apart, depending upon the
nature of the fill. The tubes can be fabricated into heights of 1.5 to 3 meters and widths
between 2 and 6 meters. Figure 1.1 shows a typical geotextile tube (Gaffney and Moo-
Young, 2000).
After the dewatering process, which takes several weeks to a month to complete, the tube
is opened so that the solid material can be appropriately disposed. Figure 1.2 illustrates
the results of the de-watering process, characterized by a higher solids content and
desiccation cracking that is typical of a fine-grained material (Gaffney and Moo-Young,
2000).
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Figure 1.1 Geotextile Tubes after filling. (Gafihey and Moo-Young, 2000)
5
INTENTIONAL SECOND EXPOSURE
Figure 1.1 Geotextile Tubes after filling. (Gaffney and Moo-Young. 2000)
5
Figure 1.2 Geotextile tube after de-watering process (Gaffuey and Moo-Young,
2000)
6
INTENTIONAL SECOND EXPOSURE
Figure 1.2 GeotextiJe tube after de-watering process (Garney and Moo-Young.
2000)
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Geotextile tubes may also be used as flood protection devices or erosion groins in
sensitive areas, as shown in Figure 1.3 (Synthetic Industries, 1999). After the tubes are
fabricated, filled and sealed, they must be covered with a native soil cover to protect the
tubes from excessive ultraviolet light degradation. Figure 1.4 illustrates the deterioration
and subsequent tearing of a geosynthetic tube from ultraviolet light exposure (Davis and
Landin, 1997).
7
Figure 1.3 Geotextile tubes used to deter beach erosion. (Synthetic Industries, 1999)
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Figure 1.3 Geotextile tubes used to deter beach erosion. (Synthetic Industries, 1999)
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Figure 1.4 Ultraviolet degradation and tearing ofgeotextile tube (Davis and Landin,
1997)
9
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Figure 1.4 Ultraviolet degradation and tearing of geotextile tube (Davis and Landin,
1997)
1.2 Previous Applications of Geosynthetics
The use of geosynthetics in geotechnical engineering applications has increased
dramatically in the past 20 years worldwide. Geosynthetics are synthetic materials
manufactured utilizing hydrocarbons of various configurations and are normally
classified by their six primary functions: filtration, drainage, separation, reinforcement,
liquid containment barrier and protection. The types of geosynthetic products used in
these functions include geotextiles, geogrids, geomembranes, geonets, Geosynthetic Clay
Liners (GCLs) and geocomposites (Koerner, 1998). Table 1.1 provides a summary of
representative applications for each function.
Geotextiles are fibrous materials that may be woven, knitted or pressed into a fabric of
variable thickness. Geotextiles are the most widely used geosynthetics because they are
able to perform multiple functions such as separation, reinforcement, filtration or
drainage. Geogrids are made of rigid plastic formed into net configurations and function
primarily for reinforcement and separation purposes. Geomembranes are extremely thin
sheets ofplastic used for solid and liquid storage. Geocomposites may consist of any
combination of geotextiles, geogrids or geomembranes that collectively provide any of
the aforementioned functions.
The advantage ofusing geosynthetic materials is that they can be used in numerous
application areas. Potential uses for the tubes are listed in Table 1.2.
10
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Table 1.1 Representative Applications and Functions of Geosynthetics (FHWA,
1995)
Primary Application Secondary Function(s)
Function
Separation Unpaved Roads (temporary and permanent) Filter, drains, reinforcement
Paved Roads (secondary and primary) Filter, drains
Construction Access Roads Filter, drains, reinforcement
Railroads (new construction and Filter, drains, reinforcement
rehabilitation)
Landfill Covers Reinforcement, drains,
protection
Preloading (stabilization) Reinforcement, drains
General Fill Areas Filter, drains, reinforcement
Coastal and River Protection Filter, drains, reinforcement
Filtration Trench Drains Separation, drains
Pipe Wrapping Separation, drains, protection
Base Course Drains Separation, drains
Structural Drains Separation, drains
Toe Drains in Dams Separation, drains
Silt Fences and Screens Separation, drains
Reverse Filters for Erosion Control Separation
Drainage Retaining Walls Separation, filter
Vertical and Horizontal Drains Separation, filter
Below Membranes Reinforcement, protection
Earth Dams .: Filter
Reinforcement Pavement Overlays -
Subbase Reinforcement in Roadways and Filter
Railways
Retaining Structures
-
Drains
Embankment Reinforcement Drains
Fill Reinforcement Drains
Foundation Reinforcement Drains
Encapsulated Soils and Hydraulic Fills Drains, filter, separation
Sand Bags -
Fluid Barrier Asphalt Pavement Overlays -
Liners for Canals and Reservoirs -
Liners for Landfills and Waste -
Membrane Encapsulated Soil Layers -
Protection Geomembrane Cushion Drains
Temporary and or Permanent Erosion Fluid barrier, reinforcement
Control
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Table 1.2 Potential Applications for Geotextile Tubes (after Moo-Young et al.,
2000)
Application Category
Dewatering Dredged Material, Sewage Sludge, Municipal
Sewage Sludge, Water Treatment Sludge, Animal
Waste, Paper Mill Sludge, Fly Ash, Mine
Tailings
Drainage Runoff Airfield, Highways, Oil Spills, Farming
Operations
Structural Dikes, Coastal Areas, Rivers, Wetlands, Berms,
Silt Fences
Erosion and Scour Protection Bridge Piers, Tunnels, Walls, Abutments, Wind
Erosion
Containment Fine Grained Dredged Material, Placement of
Contaminated Dredged Material, Capping of
Contaminated Material
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The most common applications for geotextile tubes lie in the areas of dewatering,
containment and erosion protection. For dewatering purposes, geotextile tubes may be
used to contain beach sand, dredged material and other various kinds of waste material,
as illustrated in Figure 1.5.
Geotextile tubes were originally developed in Europe in the early 1980s for erosion
protection and containment purposes. Early examples include using dredged material
filled tubes as containment dikes in Brazil and France (Bogossian et a11982) and to fill
scour holes in the Netherlands (Jagt, 1988).
The US Army Corps of Engineers (USACE) Geotechnical Laboratory initiated the use of
geotextile tubes in the United States in 1992. The project focused primarily upon using
slurry filled geotextile tubes to contain contaminated material at a dredge site at Gaillard
Island, near Mobile, Alabama (Fowler and Sprague, 1993).
Geotextile tubes may also be used to dewater and consolidate waste sludge. One
noteworthy project, which highlighted the environmental concerns ofwaste sludge
dewatering, was performed by Geotech Associates in Vicksburg, Mississippi (Fowleret
al. 1997). Under Section 40 of the Code of Federal Regulations (CFR), Part 503
Regulation and Specific Guidelines, the Environmental Protection Agency (EPA)
requires wastewater managers to find alternatives for dewatering and disposal of sewage
sludge. Two lagoons that occupied an area of 1.8 hectares (4.5 acres) had been used for
13
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Figure 1.5 Illustration ofdescription and engineering properties ofmaterials
dewatered in geotextile tubes
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20 years to dispose ofwastewater sludge. However, the EPA directed the treatment plant
to discontinue use of the lagoons and to find alternative disposal methods. The goal of
this application was to retain sewage sludge, while allowing the effluent water passing
through the fabric to meet or exceed EPA wastewater disposal requirements. This project
was deemed successful, and was found to be economically competitive with other
methods of sludge de-watering.
A similar project was undertaken by Synthetic Industries, Inc. to de-water tannery sludge.
The goal was to de-water the tannery sludge to an acceptable solids level (17%) so that it
could legally be disposed of at a local landfill. The results of the study indicate that 1400
cubic yards (1860 m3) of tannery sludge was consolidated to a solids level greater than
25% in approximately two weeks (Gaffney et aI., 1999).
It has been found that geotextile tubes also can serve additional functions. Geosynthetic
fabric containers (GFCs) can be filled with contaminated dredged material and disposed
of safely at sea with little or no harm done to the water column (Moo-Young et aI, 1999).
Prior to this work, an analytical study of the design considerations involved in filling and
disposal ofGFCs at sea was conducted by Pilarczyk (1997)..
Geotextile tubes can also be used to deter beach erosion by building temporary or
permanent offshore breakwaters or shoreline dunes (Pilarczyk et aI., 1998). Dunes and
groins that incorporate geotextile tubing as their primary structural component have
"r
recently been constructed along the New Jersey and Delaware coastlines. In past years,
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the main method of erosion control was to replenish the shoreline by importing hydraulic
fill from the ocean floor. Properly designed slurry or sand-filled geotextile tubes are a far
better alternative, because the sand contained within the tubes do not wash away under
adverse weather or flooding conditions. Pilarczyk et al. (1998) provide an overview of
empirical design procedures that can be utilized to properly design geobag and geotextile
tube systems as it relates to internal and external stability. In addition, Sprague (1997)
outlines several case histories involving the use of geotextile containers for erosion
control, including fabric formed concrete, large soil and aggregate bags and mats,
prefabricated, hydraulically filled tubes and other mechanically filled containers.
Other case histories involving the use of geosynthetic tubes were reported by Silvester
(1986), Sprague and Fowler (1994) and de Bruin and Loos (1995).
1.3 Objectives of Study
The objectives of this study are to provide information on the filtration and consolidation
characteristics and behavior of geotextile tubes. To fulfill these objectives, the following
tasks were performed.
Ev:~luation of relevant engineering properties of the materials used in vacuum
filtration testing.
Characterization of pore-size distributions of three woven geotextile fabrics via the
bubble point, mercury porosimetry and dry sieving techniques.
16
Vacuum Filtration testing of slurries obtained from various sources and at varying
water contents.
Analyze vacuum filtration testing results to investigate the effects of fabric properties
and geotechnical properties of slurry on de-watering, settlement and retention.
Conduct automated particle size testing on filtrate collected from vacuum filtration
tests, and compare results to pore-size distribution characterization techniques.
Conduct a consolidation test of a slurry-filled geotextile tube using a research
centrifuge.
. 17
Chapter 2
Materials
2.1 Geosynthetics
Geotextile tubes are constructed by sewing together geotextile fabric sheets that are
capable of encapsulating and retaining a relatively large amount of saturated material.
Sometimes these tubes have an additional layer placed between the outer shell and the
encapsulated material to guard against excessive soil piping. In some cases this step is
justified, however this configuratiori will not be examined in this study. The filtration
behavior of these tubes is a function of their retention, permeability and pore size
distribution of the geotextile fabric, as well as the geotechnical properties of the saturated
material.
Geotextiles are manufactured from many different kinds of polymers, the most popular
among them being polypropylene (PP) and polyester (PET). Polypropylene and polyester
are used in the manufacturing of geotextile fibers, which include monofilament,
multifilament, slit-film and filbrated fibers (Koerner, 1998). The main propeI1Y of
interest with respect to filtration and retention, the pore size distribution of the fabric, is
influenced strongly by the size and spacing between the fibers, and the method by which
they are woven.
Woven geotextiles are manufactured on weaving looms. The plain and twill weaves are
the two most common types ofweaves used to manufacture woven geotextiles. The plain
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weave is the simplest and most common method, which can result in a variety of different
thread spacing. A twill weave, formed by moving yarn intersections in an alternating
manner, generally is used when a tighter weave is desired. The pore size distribution of
woven geotextiles is dependent upon the diameter of the fabric threads, as well as the
number of spaces between each of the threads, where a smaller spacing means a tighter
weave. A microphotograph of a woven geotextile is shown in Figure 2.1
Non-woven geotextiles are made using the continuous process of spun bounding. The
polymer used in the fabric, usually polypropylene, is fed into an extruder, where it is
stretched out into a web formation and allowed to cool. The fibers are then bonded
together through one of three techniques: mechanical, thermal or chemiCal bonding.
/'
Mechanical bonding utilizes a needle punch to bond the fiber sheets in a random fashion.
Thermal bonding uses pressurized steam or hot air to fuse the fiber material together.
Chemical bonding occurs when a chemical binding agent is applied to the extruded web
before it is heated or rolled. Each ~f these 'methods produces variation in pore size
distributions that are largely dependent upon the fiber type, fiber density and particular
method of treatment. A microphotograph of a typical non-woven geotextile is shown in
Figure 2.2. The microphotographs in Figures 2.1 and 2.2 graphically illustrate how very
different these fabrics are.
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Figure 2.1 Microphotograph ofWoven Geotextile
Figure 2.2 Microphotograph ofNon-Woven Geotextile
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Figure 2.1 Microphotograph ofWoven Geotextile
Figure 2.2 Microphotograph ofNon-Woven Geotextile
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Synthetic Industries Incorporated, based in Chattanooga, Tennessee, provided the
geotextile fabrics used in this study. Synthetic Industries also provided the physical
properties of the g~otextiles. These properties, as shown in Table 1, are determined
according to specific American Society ofTesting and Materials (ASTM) procedures and
. are representative of Minimum Average Roll Values (MARV) that are calculated as the
typical minus two standard deviations. Statistically, the MARVyields a 97.7% of
confidence that any samples taken from quality assurance testing will exceed the value
reported. The physical properties include weight, thickness, grab tensile, grab elongation
strength, trapezoid tear, puncture and Mullen burst strengths, water flow rate, permittivity
and permeability, Apparent Opening Size (AOS) and Percent Open Area (POA).
Photographs of geotextiles A, Band C are shown in Figures 2.3, 2.4 and 2.5
21
Table 2.1 Physical Properties of Geotextiles
Fabric Properties ASTMTest Units A B C
Method "
Fabric Style PP PET .. ' PP
Weight D-5261 (g/m2) 550 900 200
Thickness D-5199 (mm) 1.40 1.40 0.3
Grab Tensile Strength D-4632,D-4595 (kN/m) 70 x 105 175x175 1645 x 1110
Grab Elongation D-4632,D-4595 (%/%) 14/9 10/10 24/24
Trapezoid Tear D-45'33 (N) 250 x 300 800 x 800 445 x 310
Strength
Puncture Strength D-4833 (N) 1155 400 535
Mullen Burst Strength D-3786 (kPa) 8270 8270 3300
Water Flow Rate . D-4491 (Llmin/m2) 810 240 730
Pennittivity D-4491 (sec-I) 0.3 0.1 0.28
Apparent Opening D-4751 (mm) 0.425 0.250 0.212
Size
Percent Open Area Opening/Total (%) 1 I 5
Area x 100
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Figure 2.3 Woven Geotextile Sample A
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Figure 2.4 Woven Geotextile Sample B
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Figure 2.5 Woven Geotextile Sample C
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2.2 Properties of Soils Tested
The purpose of performing vacuum filtration testing (Chapter 3) was to analyze the
filtration and consoli~ation behavior of-various combinations of fabric and slurry types.
Slurry is defined as a highly viscous combination of suspended solids (often soil or
organic) and water. This section provides a summary of the relevant geotechnical
properties of the solid material contained in these slurries. The slurries are as follows:
• Glendon Clay (Gq: Slurry A
• Elkem (Elkem): Slurry B
• Glendon Sand (GS): Slurry C
Slurry B is an effluent sludge taken from a wastewater treatment plant. Slurry B was
sampled in buckets, and was dried so that different tests could be performed on the
material at different known water contents. Slurry B also had a tendency to clump
together as it dried and often formed coarse particles.
, ,
Slurry samples A and C were taken from separate borrow pits at the Chrin Municipal
Solid Waste Landfill (MSWL) in Glendon, Pennsylvania. These samples were taken
specifically to determine if the consolidation and filtration characteristics are dependent
upon the either the gradation or nature (soil or sludge) of the solids. For example" it is of
interest to determine if a high fines content (greater than 70% finer than 0.075 mm by
weight) or differing gradation,will affect the retention capabilities of the geotextiles used
.in this study. American Society ofTesting Materials (ASTM) procedures were followed
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to determine the soil classification (ASTM D2487-93), liquid and plastic limits (ASTM
D4318-84), particle size distribution (ASTM D422-63, D421-85), specific gravity
(ASTM D854-83), optimal moisture content and maximum dry unit weight (ASTM
D698-83), organic content (D2974-87) and hydraulic conductivity (ASTM D5084-90 and
2434-74). The tests completed are listed below and the results listed in Table 2.2.
Particle size distribution curves are presented in Figures 2.6-2.8, and a table of selected
characteristic particle sizes is listed in Table 2.3 for future reference.
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Table 2.2 Summary of Geotechnical Testing Conducted on Slurry Materials
Slurry Properties ASTMTest A B C
Method
Liquid Limit (LL) D4318-84 49 50 NA
Plastic Limit (PL) D4318-84 20 NA NA
Plasticity Index (PI) D4318-84 29 NP NP
% Fines D422-63 80 44 12.5
% Sand D422-63 15 46 78
Specific Gravity (Gs) D854-83 2.65 2.4 2.7
USCS Classification D2487-93 CL ML SW/SM
Visual Description D2488-93 Brown and Gray clayey, Dark brown,
orange silty clay, non-plastic well-graded
little gravel silt silty sand
Optimum Water D698-83 23 NA 15
Content (%)
Maximum Dry Unit D698-83 14.5 kN/mj NA 14.2 kN/mj
Weight(%)
Hydraulic D5084-90, 8.9 x 1O-~ 2.3 X 10-3 2 X 10-2
Conductivity (cm!sec) D2434-74
NA indicates property is not applicable; NP indicates Non-Plasticity
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Table 2.3 Listing of Selected Characteristic Particle Sizes
Characteristic Slurry A Slurry B Slurry B Slurry C
Particle Size (wet) (dry)
(mm)
D 95 1.95 0.0033 2.2 4.36
D 90 0.065 0.003 2.0 3.29
D85 0.04 0.0028 1.22 2.96
D60 0~01 0.0021 0.415 1.61
D 50 0.007 0.00183 0.152 1.05
D30 0.0068 0.00062 0.002 0.475
D I5 0.0021 0.0005 0.0008 0.128
D IO 0.0015 0.00039 0.0005 0.05
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2.3 Properties of Centrifuge Test Slurry
Commercially available Kaolin clay was utilized as the slurry material encapsulated
within a geotextile tube, which was tested using a centrifuge. The geotechnical
properties of the kaolin clay are provided in Table 2.4, and a particle size distribution
curve shown in Figure 2.9.
In this application, relationships between void ratio, e, effective stress, cr', and hydraulic
conductivity, k were needed for later testing. The plots of void ratio versus effective
stress and hydraulic conductivity are provided in Figures 2.10 and 2.11. These
relationships were utilized in Chapter 6 to mathematically predict the settlement of a
Kaolin clay slurry geotextile tube.
Visual Description Light gray to brown clay
--
with earthy odor
1 USCS Classification CL
Plastic Limit (PL) 31
Liquid Limit (LL) 50
Plasticity-Index (PI) 19
Specific Gravity 2.60
% Finer than #200 sieve 100
% Finer than
20 microns 96
10 microns 92
5 microns 85
2 microns 75
1 microns 67
0.5 microns 56
0.2 microns 38
-Table 2.4 Properties of Kaolin Clay Slurry
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Chapter 3
Vacuum Filtration Testing
3.1 Background
Large-scale pressure and vacuum filtration testing is commonly performed to de-water
slurries and sludge in the wastewater treatment industry. A recent adaptation of the
pressure filtration test has been developed for smaller scale tests to obtain information on
the release of fines from geosynthetic fabrics of various types as well as the
characteristics of the filter cake material (Ochola, 1998). Pressure filtration involves the
application ofpressure to a filter media to separate liquids from solids. The filtering
capacity of the solids and the porosity of the solid cake formed are directly related to the
quantity of de-watered solids per unit time and the moisture in the cake.
Vacuum filtration is very similar to a pressure filtration test, with the only difference
being that a vacuum pressure is applied underneath the geotextile/soil interface, whereas
in a pressure filtration test the air pressure is applied directly over the interface. Since the
purpose of a geotextile tube is to retain solids and expel water, a vacuum filtration test
may be more adequate in recreating the filtration behavior of a geotextile tube. It is
hypothesized that consolidation and de-watering behavior can be reproduced and
observed in the laboratory. These results may provide design guidance in selecting
appropriate geotextiles that would allow faster de-watering of certain materials without
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promoting excessive fines migration. Excessive fine migration through the geotextile
may result in the rele.ase ofpotentially harmful chemicals, as the chemicals are bound to
suspended particles (Moo-Young et aI., 1999).
The purpose of this section of testing is to utilize the vacuum filtration test in conjunction
with particle size and water content tests to obtain information on the consolidation and
filtration behavior of slurries with various water contents, geotextile fabric styles and
grain size distributions. The results of the testing are analyzed to determine which soil or
geotextile properties (listed in Table 2.1) directly influence the de-watering and retention
characteristics of the systems. In addition, a consolidation model is utilized in
conjunction with laboratory-determined Cv values to approximate de-watering and
consolidation behavior of geotextile tubes in the field.
3.2 Apparatus
A vacuum filtration device is composed of two items: the permeameter (Figure 3.1) that
holds the geotextile in place and the vacuum pump that supplies the desired amount
vacuum pressure. The permeameter is composed of two separate pieces: the upper and
lower platens. The upper platen, which contains the slurry specimen, is 20.3 centimeters
(8 inches) tall and 10.2 centimeters (4 inches) in diameter. The lower platen, which is the
same diameter as the top platen, is 15.3 centimeters (6 inches) in height, is sealed by a
bottom base plate, and contains the outflow from the fabric/slurry interface.
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3.3 Testing Procedure
1. A representative fabric sample of approximately 15.3 by 15.3 centimeters (6 inches)
is cut from the desired sheet. Scissors that do not cause excessive wrinkling or
damage to the fabric are used to cut the fabric.
2. The dry weight of the fabric is recorded.
3. The fabric is placed between the butyl rubber seals that are attached to the bottom and
top platens. Four Allen screws are utilized to seal the system and prevent leakage.
Small holes or openings need to be made so that the screws can be slid through the
sample. Care must be taken to avoid altering the integrity of the fabric.
4. The tops of the screws are fastened together while an adjustable wrench fastens the
nut. Insufficient tightening of the nut leads to system leakage.
5. The dried portion of the slurry sample is weighed beforehand, and the appropriate
amount ofwater is added to obtain the desired water content.
3. A vacuum tube with 1.85 cm (5/8 inch) inner diameter is attached to the stainless
steel inlet, which is threaded into the bottom permeameter.
4. The vacuum pump is adjusted to the desired pressure between 34.5 and 69 kPa (5 and
10 psi).
5. The slurry sample is stirred vigorously before pouring into permeameter to make sure
the solids do not settle to the bottom of the beaker (which alters water content).
6. The slurry is poured into permeameter and the initial height of sample is taken as
quickly as possible.
7. The vacuum pump is turned on.
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8. The height of the slurry is measured in time increments that the tester deems
necessary. Time increments vary upon the material condition of the slurry.
. 9. Height measurements are taken until no observable slurry height change is noted.
10. The permeameter top is removed and the depth of filter cake on the geotextile is
recorded.
11. A metal spatula is used to slice away sections from the top, middle and bottom of the
filter cake sample. Water content (ASTM D-2216) analyses are performed on the
sliced sections.
12. After cake samples are dried, wet grain-size distribution analyses of each filter cake
sample are performed.
13. The permeameter is disassembled, and the outflow material is placed ina pre-
weighed pan and allowed to oven dry. The dry pan is then weighed, and the weight
of the solids retained on the pan represents the amount of solids passing through the
geotextile.
14. The solids passing through the geotextile are then collected and analyzed utilizing an
automated particle size analyzer.
3.4 Results
Twenty-seven filtration tests were conducted. Three different types of slurry (A, Band
C) were tested with three geotextiles (A, B and C) at water contents of 250, 500 and
1200%. It should be stressed that the selections offabric, slurry type and water content
are reasonably representative of anticipated field conditions. The geotextiles that were
selected are very similar in nature to ones currently being used in de-watering and
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containment applications. Slurries A, Band C were selected because of their variations
in gradation and permeability. The water content of the slurries was varied to determine
if there is a relationship between water content and dewatering.
Tables 3.1-3.3 summarize the results obtained from the filtration tests performed on each
slurry sample. The tables present the following information:
• Percent solids retained on geotextile by weight (%),
• Initial and Final Total Solids ofFiltrate (TS) (%),
• Filtration Efficiency (FE) (%) obtained per Equation 3.1,
• Average Volumetric Flow Rate (cm3/min).
FE = TSinitial - TSfinal . 100
TSinitial
[3.1]
Where FE
TSinitial
TSfinal
TS
=Filtration Efficiency (%)
=Initial TS ofFiltrate (mg/I)
=Final TS of Filtrate (mg/l)
=Total Dissolved Solids (TDS) + Total Suspended Solids (TSS)
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Table 3.1 Vacuum Filtration Results for Slurry A
Geotextile Slurry Sample TS (mg/L) Filtration Outflow Average
Sample Water Retention Initial Final Efficiency Volume Flow
Content (%) FE (cm3) Rate
(%) (%) (cm3/min)
A 250 96.5 400000 17500.0 95.6 400 8
500 97 200000 6666.7 96.7 450 17.3
1200 98 83333.~ 1739.1 97.9 575 47.9
B 250 98 400000 10000.0 97.5 400 9.1
500 98 200000 4444.4 97.8 450 20.5
1200 96.5 83333.3 3043.5 96.3 575 57.5
C 250 99.6 400000 2000.0 99.5 400 5.1
500 82.4 200000 39111.1 80.4 450 22.5
1200 91.4 83333.3 7652.2 90.8 575 38.3
Table 3.2 Vacuum Filtration Results for Slurry B
Geotextile Slurry Sample TS (mg/L) Filtration Outflow Average
Sample Water Retention Initial Final Efficiency Volume Flow Rate
Content (%) FE (cm3) (cm3/min)
(%) (%)
A 250 93.6 400000 36571.4 90.9 350 17.5
500 94.9 200000 12000.0 94.0 425 38.6
1200 88.8 83333.3 9866.7 88.2 562.5 102.2
B 250 96.2 400000 27428.6 93.1 350 50
500 95 200000 11764.7 94.1 425 106.2
1200 94 83333.3 5333.3 93.6 562.5 281.2
C 250 98 400000 11428.6 97.1 350 87.5
500 96 200000 9411.8 95.3 425 141.6
1200 98.8 83333.3 1066.7 98.7 562.5 281.3
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Table 3.3 Vacuum Filtration Results for Slurry C
Geotextile Sample Retention TS (mg/L) Filtration Outflow Average
Sample Water (%) Initial Final Efficiency Volume Flow Rate
Content FE (cm3) (cm3/min)
(%) (%)
A 250 99.5 400000 2857.1 99.3 350 233.3
500 98.9 200000 2588.2 98.7 425 425
1200 98.7 83333.3 1155.6 98.6 562.5 750
B 250 99.5 400000 2857.1- 99.3 350 318.2
500 99.5 200000 1176.5 99.4 425 566.7
1200 99.6 83333.3 355.6 99.6 562.5 1875
C 250 98.8 400000 6857.1 98.3 350 200
500 97.5 200000 5882.4 97.1 425 340
1200 98.4 83333.3 1422.2 98.3 562.5 1125·
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3.4.1 Settlement Phenomena
It was observed that settlement of the samples was taking place in two phases:
sedimentation and filtration; Sedimentation that occurred in these tests was very similar
to the way fines settle at the bottom of a cylinder during a hydrometer test. The larger
partiCles in the suspension settle first, followed by the finer particles. In many cases
where there was an extended duration test period, a distinctive separation between filter
cake and the water retained above was seen.
The second phase of settlement in the system involves the filtering of water through the
cake formed on the geotextile. The rate at which the water passes through the filter cake
and geotextile interface can be expressed in terms of the hydraulic conductivity of the
filter cake material as well as the permeability of the fabric.
With respect to settlement, the changes in height of each slurry were recorded, and the
results plotted in Figures A,l - A.9 of Appendix A, The initial and final slurry heights of
the samples tested were recorded and compared to predictions from Leschinsky et al.
(1996). The Leschinsky equation, shown in Equation 3.2 has been utilized to predict the
ultimate settlement of geotextile tubes. Equation 3.2 states:
~h =Os (coo-CO[)
ho 1+ cooOs
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[3.2]
Where ilh = change in height,
ho = Initial height,
Gs =Specific gravity of the solids,
COo = Average initial water content of the fill material,
COr = Average final water content of the fill material
Table 3.4 shows the comparison of Equation 3.2 to the laboratory settlement results. The
error percentage values listed in Table 3.4 denote testing error and not error in the
Leschinsky equation. The results listed in Table 3.4 and indicate the laboratory results to .
be reasonably close to those found by Equation 3.2. This information is useful because
results from these filtration tests can be utilized to provide a reasonable estimate of
maximum tube settlement.
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Table 3.4 Leschinsky Equation versus Laboratory Measurement of Sample
Settlement
Geotextile Water Measured Slurry A Slurry B - Slurry C
Sample Content Lih/ho Lih/ho Error Lih/ho Error Lih/ho Error(%) (Lab) (Leschinsky) (%) (Leschinsky) (%) .(Leschinsky) (%)
A 250 0.71 0.76 -6.6 0.60 +18.3 0.80 0
500 0.88 0.85 -3.5 0.78 +12.8- 0.89 -1.1
1200 0.92 0.94 +2.1 0.90 +2.2 0.95 -3.2
B 250 0.71 0.76 -6.6 0.60 +18.3 0.80 0
500 0.88 0.85 +3.5 0.78 +12.8 0.89 -1.1
1200 0.92 0.94 +2.1 0.90 +2.2 0.95 -3.2
C 250 0.71 0.76 -6.6 0.60 +18.3 0.80 0
500 0.88 0.85 +3.5 0.78 +12.8 0.89 -1.1
1200 0.92 0.94 +2.1 0.90 +2.2 0.95 -3.2
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3.4.2 Filter Cake Testing
The sedimentation behavior discussed in the previous section was further verified
through grain size distribution tests that were conducted to determine the gradation
changes within the filter cake. A clear trend is seen in the particle size characteristics of
samples taken from the top, middle and bottom of the cake samples. It was found that
smaller particles tended to settle at the top of the cake, as the percentage ofparticles finer
than 0.075 mm (No. 200 US Sieve) decreased from top to bottom. A plot ofparticle size
distributions at the top, middle and bottom filtercake samples are provided in Figure 3.2.
Additional plots obtained in each test are presented in Figures Al0 - A26 of Appendix
A
Larger particles that formed the bottom layer of the filter cakes also served to facilitate
bridging behavior on the interface between the filter cake and geotextile. Particle size
distribution tests also confirm the results found in the water content analysis testing. The
water content values were higher at the top of the sample due to presence of fine-grained
particles that readily adsorb water. The results presented in Figures 3.3 - 3.5 indicate that
a dry outer "shell" forms near the geotextile/soil interface and that the water content
increased as a function of distance away from the geotextile (Gaffney et al. 1999).
These variations in particle size and water ~ent with respect to depth shows that grain
size increases and water content decreases as a function of distance away from the center
of the tube. The variations are illustrated in Figures 3.6a and 3.6b.
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It must also be noted that for slurry water contents of 1200%, water content and grain
size distributions were not taken because the filter cake samples were too small to be
effectively sampled. This is due to the fact the bottom platen of the permeameter is too
small to accommodate the slurry water volume required (1200 cm3) to produce a more
suitable filter cake sample (100g)..
3.4.3 Retention and Fines Migration
It was found that in virtually all cases, the geotextiles used in the test retained in excess of
95% of the original weight of slurry solids. For most non-critical applications, this .
retention capability is deemed acceptable. A more detailed particle size analysis of the
fines passing through the geotextiles B and'C in conjunction with Slurries A and B was
conducted, and the results are included in Chapter 4. The following conclusions were
drawn from the test results:
• Migration of fines through the geotextile occurred during the initial stages of
sedimentation, before filter cake formation. Once the filter cake formed, the water
that passed through the geotextile was clear, indicating a low level of suspended
fines.
• The water content of the slurry sample does not significantly affect the weight or the
particle size of fines passing through the fabrics used in this study.
• An increase in geotextile fabric weight corresponded with an increased retention
capability for Slurries A and C, whereas Slurry B (sludge) retention decreased until a
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fabric weight of approximately 500-550 g/m2 and then increased thereafter. This
behavior was previously seen in test results performed on sludge by Moo-Young et aI.
(1999).
Figures 3.7 - 3.9 present plots of fabric weight versus sample retention for each of the
samples tested. Fabric weight requirement should be a function of the desired tensile
strength of the bag, which is needed to withstand pumping stresses and bursting or
tearing experienced in the field (Leschinsky et aI., 1996). It is more likely that retention
is a function of porosity or the percent open area (POA) of the geotextile (Austin et aI.,
1997).
• Increasing values of Apparent Opening Size (AOS) suggested a decreased retention
capability in Slurry B. In Slurries A and B, increasing AOS meant slightly increased
retention capability.
Plots of AOS provided by the manufacturer against particle retention for SlurryA, Band
C in conjunction with Geotextiles A, Band C at water contents of250, 500 and 1200%
are shown in Figures 3.10 - 3.12. It was also observed that increased water content
usually resulted in slightly larger amounts of fines passing through the fabrics.
• Vacuum pressure applied to system interface was inconsistent and may have slightly
distorted behavior of the systems. However, typical field retention values are on the
. order of 98 - 99%, whereas the tests conducted herein range from 82.1% to 99.9%.
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Particle Retention versus Fabric Weight for Slurry A and
Geotextiles A, Band C.
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Particle Retention versus Fabric Weight for Slurry Band
Geotextiles A, Band C.
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Particle Retention versus Fabric Weight for Slurry C and
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Figure 3.10 Particle Retention versus Manufacturer AOS for Slurry A
and Geotextiles A, Band C.
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3.4.4 Specific Resistance and Flow Rate
.The rate at which the water passes through the filter cake/geotextile interface can be
expressed in terms of the hydraulic conductivity of the filter cake material as well as the
permeability of the fabric. From Poiseuille's and Darcy's laws, the rate of filtration was
derived (Eckenfelder, 1966):
dV
dt
Where
V
T
P
A
II
r
Rm
PA 2
=------
,u(rcV + Rm A)
[3.3]
= Volume of filtration
=Cycle time
= Vacuum Pressure
=Filtration Area
=Filtrate Viscosity
=Specific Resistance
= Initial resistance of the filter media and is usually neglected since it is
low compared to the resistance developed by the filter cake.
c =Weight of Solids per Unit Volume of Filtrate
1
=----------
c; 1(100 - c; ) - cf 1(100 - cf)
Cj ,Cf = initial, and final weight of solids per unit volume of filtrate.
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The specific resistance, r, is ofparticular interest as it measures the filterability and
compressibility of fine-grained sludge materials. Specific resistance is a value utilized in
the wastewater treatment industry to determine the potential for dewatering that exists in
fine-grained sludge materials, in this instance Slurries A and B. A specific resistance
analysis for Slurry C was not applicable because it was classified as neither fine-grained
nor a sludge. In mathematical terms, specific resistance refers is equivalent to the
pressure difference required to produce a unit rate of filtrate flow through a unit weight of
cake. Integration ofEquation 3.3 and rearrangement of the terms yields the following
relationship:
2bPA 2
r=--
f1C
[3.4]
Where b is the slope of the plot oft/V versus V. Sample plots oft/V versus V for slurry
A and Geotextile A at water contents of250, 500 and 1200% are provided in Figure 3.13.
The remaining t/v versus V plots are provided in Figures A.27-A.31 in Appendix A.
Table 3.5 summaries the specific resistance values obtained. The values contained in
Table 3.5 for Slurry A and Slurry C compare favorably to the values obtained for water
and wastewater treatment sludge (Eckenfelder, 1966 and Ochola, 1998). Specific
resistance did not vary to any appreciable degree with respect to initial slurry water
content.
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Table 3.5 Summary of Specific Resistance Values for Slurry A and B
Initial Slurry Specific Resistance, rSlurry Geotextile Water Content (sec2/g)(%)
250 3.50 x 1010
A 500 4.48x 1010
1200 5.12x 1010
250 3.45 x 1010
A B 500 4.00 X 1010
1200 4.78 x 1011
250 3.45 x 1010
C 500 7.50 X 1010
1200 3.41 x 1010
250 3.45 x lOll
A 500 4.31 X 1010
1200 7.50 x 1010
250 4.10x 1010
B B 500 8.74 X 1010
1200 7.50 x 1010
250 7.51 x 1010
C 500 9.21 xlOIO
1200 2.02 x 1011
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Linear relationships between average flow rate and initial slurry water content were
observed, as shown in Figures 3.14 - 3.16. It is inferred from these results that the time
rate of dewatering is dependent primarily upon the hydraulic conductivity of the slurry
material, and not the physical properties of the geotextile.
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3.4.5 Settlement and Consolidation
One particular approach to modeling the behavior of geotextile tubes is to use the
conventional Terzaghi method of consolidation, with modifications. The main component
in this evaluation is the determination of a coefficient of consolidation, Cv,shown in
Equation 3.5. In Equation 3.5, Tv is the dimensionless time coefficient corresponding to
a particular degree of consolidation, h is the average drainage path length ofthe sample
(cm) and t is the consolidation time (Terzaghi et aI., 1996).
c = Tvh
2
v t
The coefficient of consolidation is used to estimate the time rate of change of the
[3.5]
dissipation ofpore water pressure within a soil sample. Any Cvvalue used for this type of
analysis is found by estimating Tv, the dimensionless time coefficient corresponding to a
particular degree of consolidation. Variables h, the average drainage path length of the
sample (cm) and the consolidation time, t, is also found.
A recent modeling of geotextile tube settlement by found that a consolidation model
accurately predicted tube settlement using a Cvvalue obtained from a vacuum filtration
test. The results provided by Gaffney and Moo-Young (2000) indicates the consolidation
-
method may be used as long as the drainage path of the system can be correctly
quantified.
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In this section of testing, it is of interest to apply the coefficient of consolidation, cv,
found in the filtration tests to obtain a prediction of time-dependent consolidation of
geotextile tubes with varying fabric and material characteristics. The following
assumptions are being made in this analysis:
• The initial height of geotextile tube is 1.64 meters (5 feet)
• I-dimensional Terzaghi theory of consolidation is valid
• . Lab Cvvalue computed utilizing Tv = 0.197 corresponding to 50% (t50) consolidation
• Single drainage during filtration test
• Double drainage for geotextile tube analysis
• Final tube height calculated at 90% (t90) consolidation, and a Tv value of 0.848
The results listed in Tables 3.6-3.8 indicate the time required for geotextile tube
consolidation is related largely to the water and hydraulic conductivity of the slurry
material. Fabric style also influenced the time to consolidation of the tubes.
Also, Figure 3.17 plots the settlement for slurry A and geotextile A. Figures A.32 - AAO
of Appendix A plot the settlements for other configurations of slurries A, Band C and
geotextiles A, B, C at slurry water contents of250, 500 and 1200%.
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Table 3.6 Consolidation Analysis for Slurry A
Geotextile Water Lab Average Lab Cy Time to 90%
Sample Content Consolidation Sample (cm2/ (in2/sec) Field(%) time (t50) Height day) Consolidation(min) (cm) of Geotextile
Tube (days)
A 250 25 4.7 244.8 4.4 x 10-4 23.40
500 13 3.9 331.2 5.9 x 10-4 17.30
1200 6 4.3 878.4 1.6 x 10-5 6.52
B 250 22 4.7 288 . 5.2 x 10~lf 19.89
500 11 3.9 388.8 7.0 x lO-lf 14.74
1200 5 4.3 1051.2 1.9 x lO- j 5.45
C 250 39.5 4.7 158.4 2.8 x 10-4 36.17
500 10 3.9 432 7.8 x lO-lf 13.26
1200 7.5 4.3 705.6 1.3 x lO- j 8.12
Table 3.7 Consolidation Analysis for Slurry B
Geotextile Water Lab Average Lab Cy Time to 90%
Sample Content Consolidation Sample (cml./ (inl./sec) Field
(%) time (t50) Height day) Consolidation
(min) (em) of Geotextile
Tube (days)
A 250 10 4.7 633.6 1.1 x lO-j 9.04
500 5.5 3.9 777.6 1.3 xlO-j 7.37
1200 2.75 4.3 1900.8 3 x 10-5 3.01
B 250 5 4.7 1252.8 2.2 x 10-5 4.57
500 2 3.9 2160 3.8 x 10-5 2.65
1200 1 4.3 5241.6 9.4 x lO-j 1.09
C 250 2' 4.7 3139.2 5.6 x lO- j 1.83
500 1.5 3.9 2880 5.2 x lO- j 1.99
1200 1 4.3 5241.6 9.4 x 10-5 1.09
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Table 3.8 Consolidation Analysis for Slurry C
Geotextile Water Lab Average Lab Cy Time to 90%
Sample Content Consolidation Sample (cm1.1 (in1./sec) Field
(%) time (t50) Height day) Consolidation
(min) (cm) of Geotextile
Tube (days)
A 250 0.75 4.7 8352 1.5 x 10-1. 0.69
500 0.5 3.9 8625.6 1.5 x 10-1. 0.66
1200 0.25 4.3 20980.8 3.8 x 10-1. 0.27
B 250 0.6 4.7 10440 1.9 x 10-1. 0.55
500 0.375 3.9 11505.6 2.1 x 10-1. 0.50
1200 0.25 4.3 20980.8 3.8 x 10-1. 0.27
C 250 0.875 4.7 7156.8 1.3 x 10-1. 0.80
500 0.625 3.9 6897.6 1.2 x 10-1. 6.83
1200 0.375 4.3 13982.4 2.5 x 10-1. 0041
72
2......------------------------~
-:-e- Water Content = 250%
-0- Water Content·= 500%
-T- Water Content = 1200%
252015105
0-1------,------,------,------,-------1
o
Tim€ (days)
Figure 3.17 Plot of Settlement versus Time - Slurry A and Geotextile A
73
\
Chapter 4
Pore Size Characterization of Geotextiles
4.1 Background
There are a variety of tests that are conducted to evaluate the pore structure and pore size
distribution (PSD) of geotextile fabrics. Research has verified the intuitive observation
that pore size distributions of geotextiles strongly influence filtration and retention
characteristics, and thus the suitability of certain geotextiles in specific applications.
Determination ofPSD is of primary importance in evaluating filtration and retention
properties. Transport and seepage phenomena are for the most part understood with
respect to laminar flow. However, filtration design has been hindered because of the
complexity in determining PSD.
4.1.1 Dry Sieve Method
The traditional method used for obtaining information about pore sizes is the dry sieve
method, known as the Apparent Opening Size (AOS) test outlined in ASTM D-4751.
The AOS test involves sieving glass beads of a known diameter through the sample. The
AOS is defined as the particle diameter at which 95 percent of the glass beads are
retained on the geotextile.
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The dry sieve method does not require expensive testing equipment, and has been used as
an index property in determining filtration and retention behavior. This method is
effective in determining the largest apparent opening size (095) of a fabric (Smith, 1993).
This is important because most accepted forms of retention criteria incorporate either an
095 or 0 85 value. Pore sizes are represented by On, where n may range from 15 to 95.
The numerical subscript refers to the percent finer of the pore spaces of the fabric.
The disadvantages ofusing the dry sieve method are 'numerous. The test clearly does not
provide reproducible or consistent results, particularly with respect to quantification of
smaller pore sizes, due mainly to the presence of electrostatic forces that cause the beads
to clump together and attach themselves to the pore walls of a fabric (Smith, 1993). To
compensate for this shortcoming, the ASTM requires five samples be tested at each bead
size diameter. As a result of this requirement, the test becomes laborious and time-
consuming compared to the Bubble Point or MIP methods. Furthermore, the knowledge
of the largest apparent opening size of a fabric alone does not give an accurate indication
of the filtration phenomena at the soil/geotextile interface and clogging potential
(Carroll, 1983).
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4.1.2 Bubble Point Method
The capillary flow porometry (CFP) technique, also known as the bubble point method
(ASTM F-316), has been used to determine the PSD of many different types of .'
geotextiles, similar to the ones being used in the fabrication of geotextile tubes.
Determination ofPSD is found through the differential analysis of two tests: a wet run, in
which the specimen is saturated by a wetting fluid, and a dry run, carried out on a non-
.0
satur.ated specimen. In the wet run, a saturated specimen allows the passage of air
through pores when the air pressure exceeds the capillary attraction of the wetting fluid.
As the air pressure is increased, smaller and smaller pores will pass air. In the dry run,
air will flow through all pores when any amount of air pressure is applied to one side of
the specimen. The flow rate through the sample is varied from zero to a maximum
pressure, and is measured during each run. Assuming a cylindrical shape of pores, PSD
is then computed.
Once the pore size versus pressure relationship has been made, a pore size diameter
versus percent finer relationship may be found. The pore size distribution may then be
used to determine various opening sizes, which are frequently used in filtration and
retention design equations.
The advantage ofusing this technique is that it provides reproducible and accurate pore ')\
size distributions, especially in the smaller pore range (010-050). The negative aspect of
this test is that it is difficult to interpret the largest apparent opening size (Smith, 1993).
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4.1.3 Mercury Intrusion Porosimetry (MIP) Method
The MIP Method (ASTM D4404-84) is similar in nature to the Bubble Point method.
Tris method involves applying air pressure to a non-wetting fluid, mercury, into the
pores of a fabric. The sizes of mercury-intruded pores are inversely proportional to the
pressure applied. In short, the larger pores tend to burst under lower pressures than pores
of smaller diameter. The diameter ofpores within the fabric are found by applying
equation 4.1:
Where
0= 4TcosB
p
P = pressure (tension) being applied,
o = diameter 'of pore being intruded by pressure, P,
T = surface tension of mercury,
8 = contact angle between mercury and pore wall.
[4.1]
The pore size is then determined by comparing the volume of mercury intruded into the
specimen with the initial volume (100% intrusion). The only problem that exists with
this test method is that the weight of the mercury has been shown to distort and strain the
fibers of the fabric. In comparison to other methods, the mercury intrusion method tends
to overestimate pore sizes in fabrics thus an appropriate correction factor must be taken
into consideration.
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4.2 Apparatus
4.2.1 Dry Sieve Apparatus
The testing apparatus consisted of the following:
1. Number 10 or 4 (US) Sieve and pan.
2. Spherical glass beads with diameters of 0.005, 0.01, OJ and 0.5 mm, respectively.
3. Geotextiles A, Band C each cut into samples large enough to comfortably be wedged
in between the sieve and pan.
4. Mettler-Toledo balance with a capacity of0-2500 g was used to weigh the glass beads
and geotextile samples.
5. Commericial anti-static spray "Static Guard" was used to eliminate static in the
geotextiles.
6. Soiltest, Inc. mechanical sieve shaker.
7. Drying oven.
4.2.2 Bubble Point Test Apparatus
Porous Materials Incorporated (PMI) in Ithaca, NY performed Bubble Point testing on
the samples used in this report. Bubble Point testing was conducted using ASTM F-316.
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4.2.3 Mercury Intrusion Porosimetry Apparatus
The testing apparatus consists of the following components:
1. AutoPore III 6405 Mercury Intrusion Porosimeter, shown in Figure 4.1, manufactured
. t
by Micromeritics Instrument Corporation covering a pore diameter range of
approximately 360 to 0.005 urn. This model has four built-in low-pressure ports and
two high-pressure chambers, capable ofproducing pressure ranging from atmospheric
to 33,000 psia (228 Mpa).
2. Mettler-Toledo Electronic Analytical balance.
3; Data-acquisition Pc.
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Figure 4.1 AutoPore 6405 Mercury Intrusion
Porosimetry Device
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4.3 Testing Procedur-es
4.3.1 Dry Sieve Test Procedure
1. The geotextile and glass bead samples are prepared following ASTM D 4751.
2. Each of the geotextiles tested is sprayed with an anti-static spray.
3. The geotextile being tested is wedged securely on the device such that there were no
material wrinkles or bulges, and the sieve and pan are also secure.
4. Fifty grams of the glass beads, starting with the smallest diameter, are poured on top
of the geotextile through the sieve located above the sample.
5. The lid was placed on the top sieve, and the assemblage is mounted onto the
mechanical sieve shaker.
6. The assemblage is agitated for ten minutes.
7. After shaking is complete, the weight of the bottom pan plus the weight of the beads
passing through is recorded.
8. The glass beads are emptied out of the assemblage. To make sure the glass beads are
removed from the sample, compressed air is applied to the geotextile. This is done so
that the geotextile could be reused for subsequent tests.
4.3.2 Bubble Point Test Procedure
The bubble point test procedure followed ASTM procedure F 316:
1. The test fabric was immersed into the liquid. If needed, a vacuum chamber was used
to wet the filter.
2. The wet fabric was placed into the filter holder.
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3. Close The filter holder was closed and gas pressure was applied to eliminate possible
liquid back flow.
4. The perforated metal plate was covered with 2 to 3 mm of test liquid.
5. The gas pressure was increased slowly. The lowest pressure was recorded at which a
steady stream ofbubbles rises from the central area of the liquid reservoir.
4.3.3 MIP Test. Procedure
1. ASTM specifications refer to a "preconditioning" procedure to remove all foreign
substances from the pores and pore walls of the substance being tested. Allowing the
,
geotextile specimens to soak in de-aired water and to drip-dry should fulfill this
requirement.
2. The dried specimen is weighed and placed into the penetrometer.
3. The penetrometer containing the sample is placed into the chamber. Vacuum
pressure is applied to remove any air from the chamber.
4. The penetrometer chamber is filled with mercury, in accordance with the
manufacturer instructions, by pressurizing to a suitably low pressure.
5. The pressure is then raised, either continuously or incrementally. Both the absolute
pressure and the volume of intruded mercury are recorded until the maximum
pressure of interest is reached. The volumetric and pressure changes is monitored and
I
recorded by the personal computer that is attached to the porosimeter.
6. Once pressurization is complete, the pressure is reduced, and the permeameter is
disassembled and cleaned.
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4.4 Results
4.4.1 Dry Sieve Method
The test results are listed in Appendix G and are summarized in Table 4.1 with a
presentation of experimentally determined AOS values. Also listed are the MARY
values published by the manufacturer. The pore sizes found in this section of testing are
smaller than those listed by the manufacturer. The manufacturer states that the test was
performed in accordance with ASTM D-4751, with no specific details given on any
testing modifications they may have made. Since no significant differences in test
procedures were noted the author assumes that the manufacturer AOS values were
arbitrarily increased for the purpose of erring on the side of conservatism.
Table 4.1 Results of AOS Tests and Manufacturer-Provided Data
Geotextile A Geotextile B Geotextile C
Experimental AOS (mm) 0.320 0.190 0.160
Manfuacturer AOS (MARV) 0.425 0.250 0.212
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4.4.2 Bubble Point Method
The results of the tests, attached in Appendix H, are summarized in Figure 4.2, which
, {
provides plots ofpercent finer (%) versus pore size diameters (mm) for each of the three
fabrics tested. In addition, Table 4.2 lists the characteristic pore sizes of each fabric
tested. As expected, this method generally produced smaller characteristic pore sizes
than the dry sieve test. A similar trend was previously noted by Smith and Bhatia (1995).
Table 4.2 Characteristic Pore. Sizes of Geotextiles using Bubble Point
Method
Geotextile 0 95 (mm) 090 (mm) OS5 (mm) 0 50 (mm) 0 15 (mm)
Sample
A 0.260 0.22 0.160 0.088 0.026
B 0.180 0.17 0.150 0.08 0.030
C 0.175 0.15 0.14 0.11 0.035
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Figure 4.2 PSD of Geotextiles A, Band C using Bubble Point Method .
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4.4.3 MIP Method
The pore size distribution plots for each fabric are plotted in Figure 4.3. It appears that
the results obtained from this test are only useful within a specific range ofpore sizes
(0.001 - 0.13mm). It is believed that one of the limitations of the test device was that it
could not specify pore sizes larger than O.13mm. Each of the geotextiles clearly had a
significant portion ofpores greater than 0.13 mm, as revealed by previous test results.
The reason for this limitation is not fully understood.
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4.5 Comparison and Discussion of Testing Methods
Based.on the results provided by each of the three methods utilized to determine the pore
size distributions of geotextile fabric, it appears that the bubble point method does indeed
provide the most accurate quantification of pore sizes in each fabric. The test results
obtained in this study are in partial agreement with previous findings by Smith (1993),
who conducted extensive testing ofgeotextile fabrics with a number of test methods,
including the three utilized in this study. Smith found that the dry sieve method
consistently overestimates the pore sizes of a particular fabric, and does not yield
reproducible results even when the ASTM standard is followed closely.
Smith found that the MIP method finds significantly higher pore sizes in ~ost cases,
compared to both the dry sieve and bubble point-testing results. It has been speculated
the reason for this phenomenon is the actual self-weight of the mercury which applies
1
stress to the pore openings, thus causing enlarged pore openings (Smith, 1993).
However, this trend was not noted in this section of testing. The MIP method and
apparatus utilized in this study found consistently smaller pore sizes. This observation is
illustrated in Figure 4.4. It is believed that in this case, the MIP method did not provide
accurate results
It is believed that the bubble point method produced the most reliable results is because
the method itselfmeasures the smallest opening in each pore. Additionally, the bubble
88
100 .,-----------.,.--------------------,
80
20
__ Bubble Point, Geotextile A
.:-0- Bubble Point, Geotextile B
-y-- Bubble Point, Geotextile C
-V- MIP, Geotexti1e A
_ MIP, Geotextile B
--a- MIP, Geotextile C
0.1 0.01
Pore Diameter (mm)
0.001
Figure 4.4 Comparison ofPSD plots obtained by Bubble Point and
MIP testing
89
point method has generated consistent and reproducible results documenting the nature
and changes of pore.structure and various conditions. Having direct measurements of
these changes in pore structure is invariably more preferable than relying on engineering
judgment or equations that mayor may not be applicable to a specific situation. The
other benefit ofutilizing the bubble point procedure is that the test apparatus can be
modified to determine gas or water permeability of fabrics, thus eliminating the need to
construct or purchase equipment to perform separate laboratory testing per ASTM D
4491.
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Chapter 5
Applicability of Geotextile Filter Criteria to Geotextile Tube
Design
5.1 Background
This chapter serves to synthesize the results obtained from the previous three chapters
which included characterizations 'of geotextile pore size distributions and particle size
distributions of slurry materials. The results obtai¥ed from vacuum filtration testing are
included, which replicated the behavior ofgeotextile tubes on a small scale. In general,
three primary criteria are taken into consideration in the design of geotextile filters:
retention, permeability and clogging.
Retention criteria addre~s designing geotextile filters to retain adequate amounts of soil.
Permeability criteria determine the hydraulic conductivity ofboth the geotextile and the
"soil, which allows serviceable drainage throughout the design life of the filter. Clogging
,5
criterion further satisfies permeability, as fines that clog within the pores of geotextiles
deter the ability of the system to drain.
Retention, permeability and clogging criteria are most often formulated utilizing the
following four properties: the characteristic pore sizes of geotextiles, particle sizes of the
soil, the percent open area of the geotextile and on geotextile/soil interface testing. The
majority of geotextile filter design procedures utilize relationships between fabric pore
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and soil particle sizes. However, when some applications are considered to be critical in
nature, the Gradient Ratio, Hydraulic Conductivity Ratio or Long Term Flow Tests can
be performed to directly observe the behavior of a geotextile filter. In addition,
Biological Clogging Testing (ASTM D1987) may be used to determine the biological
clogging potential of geotextiles. This test is usually performed in landfill or waste-
treatment applications where ingrowths and encrustations can cause clogging in much the
same way soil particles do (Smith et al., 1999).
A significant body of work has been performed with respect to filtration criteria of
geotextile filters. Comprehensive summaries of existing criteria have been presented in
Fischer et al. (1990) and Fischer (1994). The summaries are listed in Tables 5.1 - 5.3.
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Table 5.1 Summary of Existing Geotextile Retention Criteria (Fischer et aI., 1990)
Source Criterion Remarks Applicable to
Geotextile Tubes
Calhoun (1972) 095/D85 < 1 Wovens, soils with < 50% Yes
passing No. 200 Sieve
095 < 0.2 mm Wovens, cohesive soils
Rankilor (1981) 050/D50 < 1.7 - 2.7 Wovens, soils with Cu < 2, Possibly
D50 = 0.1 to 0.2 mm
Ogink (1975) 0 90/D90 <1 Wovens Yes
090/D90 < 1.8 Nonwovens No
Sweetland 015D85 < 1 Nonwovens, soils with Cu = No
(1977) . 1.5
015D15 < 1 Nonwovens, soils with Cu = No
4
Rankilor (1981) 0 50/D85 < 1 Nonwovens, soils with 0.02 No
< D85 < 0.25 mm
0 15/D 15 < 1 Nonwovens, soils with D85 > No
0.25mm
Schober & 090/D50 < 2.5 - 4.5 Woven and thin nonwovens, No
Teindl (1979) ~ dependent on Cu
with no factor 0 90/D50 < 4.5 - 7":5 Thick nonwovens, dependent No
of safety onCu
Millar et ai. 050/D85< 1 Wovens and nonwovens Yes
(1980)
Giroud (1982) . 095/D50 < (9 - 18) Cu Dependent on soil Cu and No
density
Carroll (1983) 0 95/D85 < 2 - 3 No
Christopher & 095/D85 < 1 - 2 Dependent on soil type and Yes
Holtz (1985) Cu
095/D15 < 1 or
0 50/D85 < 0.5 Dynamic, pulsating and No
cyclic flow, if soil can move
beneath fabric
French OtID85 < 0.38 - 1.25 Dependent on soil type, No
Committee of compaction, hydraulic and
Geotextiles and application conditions
Geomembranes
(1986)
Fischer et ai. 050D85 < 0.8 Based on geotextile pore size No
(1990) 050D15 < 1.8 - 7.0 distribution, dependent on Cu
050D50 < 0.8 - 2.0 of soil
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Table 5.2 Summary of Existing Geotextile Permeability Criteria (Fischer et aI.,
1990)
Source Criterion Remarks
e.g. Calhoun (1972); kg> ks Steady state flow, non-critical
Schober & Teindl application and non-severe soil
(1979); Carroll (1983); conditions
Christopher & Holtz
(1985)
e.g. Carroll (1983); kg> 10 ks Critical applications and severe soil
Christopher & Holtz or hydraulic conditions
(1985)
Giroud (1982) kg> 0.1 ks No factor of safety
French Committee of . Based on permittivity Critical - 10)ks
Geotextiles and (ill) with ill > 103-5ks Less critical - 104ks
Geomembranes (1986) Clean sand - 103ks
Koerner (1998) illallowable > FS illrequired Factor of safety FS based on
application and soil conditions
kg = hydraulic conductivity of geotextile
-ks = hydraulic conductivity of soil
ill = permittivity of geotextile
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Table 5.3 Summary ofExisting Clogging Criteria for Geotextile Filters (Christopher
and Fischer, 1991)
A. Critical/Severe Applications
1) Perform soil/geotextile filtration tests. e.g. Calhoun (1972); Giroud (1982);
Carroll (1983); Christopher and Holtz
(1985); Koerner (1998)
B. Less Critical/Non-Severe Applications
1) Perform soil/geotextile filtration tests.
2) Minimum pore sizes for soils containing fines:
a. 09S> 3 DIS for Cu > 3 Christopher and Holtz (1985)
~:.>
b. Or> 4 DIS French Committee on Geotextiles and
Geomembranes (1986)
c. OIS/DIS > 0.8 to 1.2 Fischer et al. (1990)
Oso/Dso > 0.2 to 1
3) For Cu < 3, use a geotextile with maximum opening size from retention criterion.
4) Apparent opening area:
a. Woven Geotextiles:
Percent open area> 4 - 6 % Calhoun (1972); Koerner (1998)
b. Nonwoven Geotextiles:
Porosity> 30 to 40% Christopher and Holtz (1985); Koerner
(1998)
Or =Filtration Opening Size
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5.2 Retention Criteria
The purpose of implementing retention criteria is to ensure an adequate amount of
particle retention. Retention criteria can be evaluated in two ways: through the use of
empirical design equations and through direct testing and measurement. Direct
evaluation of retention criteria was conducted during vacuum filtration testing (Chapter
3). The weight of fine particles passing through each fabric during each test. In addition,
the sizes of particles passing through the fabrics were recorded and compared to
characteristic pore size measurements. The purpose of doing this is to determine what
specific characteristic pore size controls the passage of fines through a fabric.
With respect to the use of empirical design equations, several widely used criteria are
summarized in Table 5.1. Applicable criteria were selected and the appropriate values of
pore and grain size were tabulated. The purpose of this exercise is to evaluate which
retention criterion are acceptable.
5.2.1 Evaluation of Retention Criteria
Since the purpose of establishing retention criteria is to retain soil, it is of interest to
determine the weight and the sizes of the fines that pass through the fabric. Knowledge
of the size of particles passing are used to answer the following questions:
1) Are the fabrics retaining an adequate amount ofparticles?
2) What particle size range with respect to original slurry gradation is passing
through the fabric?
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3) What type of slurry/fabric interface behavior is facilitating fines transmission?
To examine these questions in more detail, the outflow material from several vacuum
filtration tests was dried and weighed. The total weight ofparticles passing during each
vacuum filtration test was summarized Table 5.4. The tests did not induce particle piping
greater than the maximum 2500 g/m2 standard (LaFleur et aI, 1992). Even though this
standard was developed while testing cohesionless materials, there is no reason why it
cannot be utilized here.
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Table 5.4 Summary of Weight ofFines Passing from Vacuum Filtration
Tests
Weight of Particles Passing Through Geotextile
(g/m2)
Water
Fabric Content Slurry A Slurry B Slurry C
(%)
,Geotextile A 250 864.2 1580.4 123.5
500 370.4 629.6 135.8
1200 123.5 691.4 80.25
Geotextile B 250 493.8 938.3 123.5
500 246.9 617.3 61.7
1200 123.5 370.4 24.69
Geotextile C 250 98.8 493.8 296.3
500 2172.8 493.8 308.6
1200 530.9 74.1 98.8
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Second, the size ofparticles passing through the fabric was examined. To accomplish
this, dried outflow samples were examined using an automated particle size analyzer.
Tests run with Geotextiles Band C in conjunction with Slurry A and Slurry B were
examined. The results of the particle size tests are summarized in Table 5.5. The particle
size of the material passing through the fabric is expressed in terms of the characteristic
pore size dimensions of the fabric.
The results revealed that between 85 and 99% of the solids passing is finer than the 0 50
diameter size of each fabric. Since it was visibly observed that fines transmission
occurred before the formation of a filter cake, it can be concluded that the smaller (0 15 -
0 50) pore sizes of the fabric control the size of fines transmitted initially. Once the filter
cake forms, the larger particles that bridge along the surface of the fabric serve as a
retention mechanism.
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Table 5.5 Diameter of Particles Passing in Relation to Characteristic Fabric Opening
Size
Diameter ofParticles Passing expressed in relation to 0 15
and 0 50 ofFabric
Finer than 0 15 (%) 0 15 -, 0 50 (%) Larger than 050
(%)
Geotextile B
(015 = .03 mm, 0 50 = .08 mm)
Slurry A 93.1 4.3 2.6
,
Slurry B 74.8 15.4 9.8
Geotextile C
(015 = .035 mm, 0 50 = .llmm)
Slurry A 94.1 3.7 2.2
Slurry B 66.5 19.1 14.4
'~ .
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5.2.2 Empirical Evaluation of Retention Criteria
The most important question to be answered in this analysis is: Are the retention
equations utilizing large pore and particle size dimensions (050-095, D 50-D95) valid for
this application? To answer this question, several applicable equations from Table 5.1
were selected. The Calhoun, Ogink and Millar equations were chosen because the
authors stated that the equations were directly applicable to woven geotextile fabrics.
The characteristic pore size values to be used in these equations were obtained from
Bubble Point Test results, listed in Table 4.2. Characteristic particle sizes were taken
from Table 2.3. Pore size measurements obtained via the MIP and AOS tests are not
used because the results are not satisfactory. The selected equations and results are
shown in Tables 5.6 - 5.8.
Judging from the results of this analysis, both the Ogink and Millar retention criterion
were valid for Slurry B and Slurry C. The Calhoun criteria for both cohesive and non-
cohesive soils were valid except for the combination of Slurry A and Geotextile A. It is
recommended that the Calhoun criteria for cohesive soils be modified (095 < 0.30 mm),
as the laboratory testing results listed in Table 5.4 indicate adequate retention capability.
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Table 5.6 Calhoun Retention Criteria
Source: Calhoun (1972)
Criteria: Slurry A: 0 95 < 0.2 mm. Slurry Band C: 0 95/D85 < 1
Slurry
Geotextile A B C
A 0.26mm(NG) 0.213 (OK) 0.087 (OK)
B 0.18 mm (OK) 0.148 (OK) 0.061 (OK)
C 0.175 mm (OK) 0.143 (OK) 0.059 (OK)
Table 5.7 Ogink Retention Criteria
Source: Ogink (1975)
Criteria: Slurry A, Band C: 0 90/D90 < 1
Slurry
Geotextile A B C
A 3.39 (NG) 0.11 (OK) 0.067 (OK)
B 2.61 (NG) 0.085 (OK) 0.052 (OK)
C 2.30 (NG) 0.075 (OK) 0.046 (OK)
Table 5.8 Millar et al Retention Criteria
Source: Millar et al (1980)
Criteria: Slurry A, B, C: 0 50/D85 < 1
Slurry
Geotextile A B C
A 2.2 (NG) 0.072 (OK) 0.029 (OK)
B 2.0 (NG) 0.065 (OK) 0.022 (OK)
C 2.75 (NG) 0.090 (OK) 0.037 (OK)
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5.3 Permeability Criteria
The permeability criteria listed in Table 5.2 were applied to the soils and geotextiles in
this study. In general, the permeability criteria require that the geotextile permeability be
larger than that of the soil. In critical cases where there are hydraulic gradients greater
than 1.0 in the system, the required geotextile permeability is ten times greater than that
of the soil. If these lines of thought are followed, as shown in Table 5.9, all three
geotextiles qualify.
Table 5.9 System Permeability Criteria
Source: Numerous
..
Criteria: kg > kg
Geotextile
A B C
kg (em/sec) .0408 .0136 .0137
kg (em/sec) 7.5 x lO-b 2.3 x 10-J 2 X 10-2
kg> kg (OK) (OK) (OK)
kg> 10 kg (OK) (OK) (OK)
kg> 0.1 kg (OK) (OK) (OK)
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5.4 Clogging Criteria
Previous research suggests that clogging is a function of the size of the AOS and other
larger pores within the fabric. It is also believed that clogging is dependent upon the
porosity and Percent Open Area (POA) of the sample, and that clogging takes place
within the smaller pores of the fabric (010-050) because particles tend to become more
easily clogged in smaller pores.
Mlynarek and Lombard (1997) have also investigated the clogging characteristics of
woven geotextile fabrics with variable POA in conjunction with two sands (USCS
Classifications: SM and SP) and a silty soil (USCS Classification: ML). Their results
indicate that at higher POA values, a greater amount of fines pass through the fabric, and
therefore a correspondingly higher risk of clogging, as a larger fabric POA allows greater
particle movement. Therefore a greater risk these mobile particles will entrap themselves
in the fabric, leading to clogging. It is of interest to note that the total mass ofparticles
passing through each of the fabrics reported by the Mlynarek and Lombard (1997) study
closely approximate the values obtained in this study with a similar POA range of 1 to 5
%.
Recently, Smith et al (1999) investigated the influence ofAOS, porosity and total open
. j
area of geotextiles on the retention and clogging behavior of geotextiles. In general, it
was found that the amount of soil passing through the soil/geotextile systems generally
decreased with increasing porosity/percent open areas of the geotextiles. In addition~
there was no relationship between the weight ofpiped fines and the thickness of the
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geotextile used. Smith et al (1999) surmised that higher porosity (non-woven) geotextiles
retain particles within their structures, therefore relatively smaller percentages of soil will
pass through the geotextile structure. Smith et al (1999) believe that a lower porosity
geotextile has limited number ofvoids spaces for particles to clog, therefore finer
particles can more easily pass through the structure.
Calhoun (1972) and Koerner (1998) recommend a POA greater than 4 - 6% (per Table
5.3) to satisfy clogging criteria for woven geotextiles. However, based on the results
obtained in this section of testing, it would seem that utilizing awoven fabric with POA
between 1 and 5% would be suitable for geotextile tube applications. The reason for this
is because the primary function ofmost geotextile tubes is to retain particles, and not to
deter clogging alone. Clogging is also beneficial in the sense that it increases retention.
The majority of other geotextile filter applications seek to resist clogging as well as
increasing particle retention.
Based on the results obtained in this section of testing and in conjunction with .the
analyses conducted of other applicable retention, permeability and clogging criteria, the
following equations provided in Table 5.10 are suggested for use in the design of woven
geotextile tubes subjected to hydraulic gradients ofless than 1. Recommendations
regarding the design of geotextile tubes subjected to high hydraulic gradients or dynamic
loading are beyond the scope of this study.
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Table 5.10 Recommended Woven Geotextile Tube Design Equations
Slurry Material R~tention Permeability Clogging
Sands/Silts 095/D85 < 1.0 kg:> ks
POA(%)= 1 to 5
0 95 < 0.30 mm or
Clays kg> ks
090/D9o =2.0- 5.0
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Chapter 6
Centrifuge Testing of Geotextile Tube
6.1 Introduction
6.1.1 Centrifuge Testing
The centrifuge provides a research tool to study the behavior of engineering systems by
constructing models. The development of centrifuges for the study of geotechnical
problems first began in Japan during the late 1960s and in both the United Kingdom
(UK) and the United States in the early 1980s.
Centrifuge analysis has been utilized in many previous applications in the field of
geotechnical engineering. Numerous studies have been conducted to develop the scaling
relationships for consolidation studies on the research centrifuge (Croce et aI., 1984;
Townsend et aI., 1989; Mitchell and Liang, 1986). Croce et al (1984) derived scaling
laws for consolidation by examining the behavior of several clays in various drainage
conditions. Lyndon and Schofield (1978) and Arulanadan et aI. (1988) summarize the
scaling relationships for centrifugestudies.
The principle of centrifuge modeling is based upon non-dimensional similitude between
the model and a prototype. If a model of the prototype tube is constructed with
dimensions reduced by a factor of lIN, then an acceleration rate ofN times the
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acceleration ofgravity, g, will replicate the stresses and pore water dissipation rates
typically experienced in self-weight consolidation processes.
Other relationships between properties such as stress/strain behavior, length, area,
volume between a prototype and centrifuge model are summarized in Table 6.1.
For example, at IO-g, a I-day test using the centrifuge on a model that has physical
dimensions 10 times smaller than the prototype represents 100 days of full-scale
prototype behavior.
Table 6.1 Centrifuge Scaling Relationships .
Parameter Prototype Centrifuge Model (Ng)
Stress 1 1
Strain E E
Length, L LIN
displacement
Area A A/N2
Force F FIN2
Volume V V/N3
Velocity V V
Acceleration a .a/N
Mass M M/N3
Time (interial) t tIN
Time (diffusion) t t/NL
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6.2.1 Self-Weight Consolidation and the PSDDF Model
Prediction of settlement and deformation of behavior of geotextile tubes cannot be made
using the Terzaghi consolidation theory. This is because the Terzaghi theory neglects the
effect of hydrodynamic, or self-weight, consolidation. As a result, numerical methods or
computer-based constitutive models are often developed to predict self-weight
consolidation, particularly of soft clays. This chapter will incorporate one computer-
based settlement model; Primary consolidation, Secondary compression, and Desiccation
of Dredged Fill (PSDDF) in addition to centrifuge testing to obtain information on the
settlement characteristics of geotextile tubes.
The consolidation characteristics ofhigh water content materials (dredging, mine tailings
and sludges) have been studied by numerous researchers (Monte and Krizek, 1976;
Huerta et al., 1988; McVay et al., 1986; Pane et al., 1983; Scully et al., 1984; Townsend
et al., 1989; Znidarcic et al., 1986; Townsend and McVey, 1990; Fox and Berles, 1997;
Fox, 1999). These studies have been primarily focused on the consolidation of an
accreting soil layer, which involves both sedimentation and self-weight consolidation.
In this study, the settlement data was compared to predictions from PSDDF module of
Automated Dredging and Disposal Alternatives Modeling System (ADDAMS) (Stark,
1997). Although there are numerous consolidation programs that can be utilized such as
CS4, SOA, and CON2D (Fox 1999; -Wong and Duncan, 1984; Townsend and McVay,
1990), PSDDF is currently by the Corp ofEngineers to design and simulate the
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placement of fine grained sediment in both underwater applications and confined disposal
facilities.
This program uses finite strain consolidation theory, the ratio of the secondary
compression index, Ca, to the compression index, Ce, concept for secondary compression
(Mesri and Godlewski, 1977), and an empirical desiccation model to estimate the changes
in dredged material surface elevation with time. PSDDF computes the total settlement of
a dredged fill layer based on the consolidation characteristics of the soils above and
below the layer, the consolidation of the dredged fill, local climate data, and surface
water management techniques within the containment area. Total settlement is obtained
by cumulating the settlement for each dredged fill and compressible foundation layer.
The primary input parameters are the specific gravity of solids, initial void ratio, the ratio
of Ca/Ce, the ratio of Cr/Ce where Cr is the recompression index, and the desiccation
characteristics. The mathematical model for one-dimensional primary consolidation used
in PSDDF is based on the finite strain theory of consolidation described by Cargill (1982)
and Gibson et al. (1981).
(12:.. -lJ~[ k(e) ] ae +~[ k(e) do-' ae] + ae - 0Yw de (l+e) az az Yw(l+e) de az at -
where:
Ys = Unit weight of solids
Yw = Unit weight ofwater
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[6.1]
e =Void ratio
k(e) = Coefficient of soil penneability as a function of void ratio
z = Vertical material coordinate measured against gravity
cr' = Effective stress
t = Time
The PSDDF model also takes into account desiccation of a dredged fill. Desiccation is
the removal of water by changing the state of water from liquid to gas. Desiccation is a
problem in dredged material disposal facilities that are exposed to the environment or
have a low water table. In the centrifuge experiments, the water table was above the
surface of the cap, and desiccation was considered negligible in con(fucting the PSDDF
simulations.
. The PSDDF model utilizes effective stress versus void ratio and permeability
relationships to model finite-strain consolidation. In addition, ratios of Cu/Cc and Cr/Cc
reported by Mitchell and Liang (1986) were used.
6.2 Apparatus
The centrifuge used in this section of testing was located at the Centrifuge Research
Center at Rensselaer Polytechnic Institute in Troy, NY. Use of the testing apparatus was
secured, and the technical specifications of the device are shown in Table 6.2. A photo of
the centrifuge is seen in Figure 6.1.
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To measure the vertical settlement with respect to time, the centrifuge was outfitted with
two Lucas Systems MHR500 Linear Variable Differential Transformers (LVDT). The
LVDT produces an electrical output proportional to the position of the core. The LVDT
may be used in many different types ofmeasuring devices that need to convert changes in
physical position to an electrical output. The LVDT devices utilized in this section of
testing were capable of measuring the vertical settlement of the tube at various points in
time. A photo of the LVDT-outfitted centrifuge is given in Figure 6.2.
The geotextile tube used in this test was fabricated by sewing together a sheet of
geotextile B utilizing a commercially available electric sewing machine. The tube had a
length of71 centimeters (24 inches) and a width of30.5 centimeters (12 inches). The
tube was filled with a kaolin clay sample with engineering properties listed in Table 2.4
and a particle size distribution curve shown in Figure 2.8. Uniformly graded sand was
used as a foundation soil beneath the tube so that drainage of the tube would not be
inhibited.
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Table 6.2 Technical Specifications ofRPI Geotechnical Centrifuge
Manufacturer Acutronic, France
Model 665-1
Capacity 100 g-ton
G-Range 1 to 200 g
Radius 3m to platform
Speed Range 25 to 265 RPM
Maximum Payload:
at 200 g 500 kg
at 100 g 1000 kg
Maximum Payload Dimensions:
Depth 1000 mm
Width 800mm
Height 800mm
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Figure 6.1 RPI Geotechnical Centrifuge
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INTENTIONAL SECOND EXPOSURE
J l~
Figure 6.2 LVDT Arrangement on Top ofGeotextile Tube
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INTENTIONAL SECOND EXPOSURE
figu re 6.2 LVDT Arrangement on Top of Geotextilc Tube
I! 5
6.3 Procedure
1. A sample of geotextile B fabric sample is cut from sheet and weighed.
2. A sewing machine is used to secure two of three sides of the geotextile, ~aking sure
one end is left open to insert slurry sample. Several passes are required to ensure a
tight knit.
3. Oven-dried kaolin clay and water are mixed to produce water content of 110% (1.1
kilograms ofwater for every 1kilogram ofkaolin clay). Approximately 11 kg of
water and 10 kg of clay was used to fill the geotextile tube to an initial height of 5.5 '
inches.
4. A uniformly graded drainage soil is placed into centrifuge sample box with a depth of
about 2 inches.
5. Kaolin clay and water mixture is stirred vigorously for approximately 90 minutes to
ensure complete saturation of the sample.
6. Kaolin slurry mixture is poured into geotextile tube, and use sewing machine to
tightly sew the fabric shut so that no leakage occurs.
7. The tube is placed into the centrifuge box, and LVDT devices are attached at desired
points on the tube. Small, plastic plates are placed between the LVDT device and the
tube to ensure a level measuring area and that the LVDT instrument would not embed
itselfwithin the fabric.
8. The initial height of the tube is recorded at designated points along the surface of the
tube.
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9. Under the supervision of a trained centrifuge operator, close the door to the area and
begin the test, noting the initial height of the sample (14.4 cm) and initial water
c:ontent (110%).
10. The test for approximately 8 hours, imparting an acceleration of fifty times the rate of
gravity (490.5 m2/sec) on the sample (N=50) to simulate 2.28 years of consolidation.
LVDT instrumentation records the change in sample height with respect to time.
11. The final height of the tube is recorded at designated points along the surface of the
tube.
12. When testing is finished, geotextile tube is removed from centrifuge box and placed
in airtight container to ensure no evaporation ofwater takes place.
13. Upon return to Lehigh University, tube was cut open to facilitate water content testing
with respect to depth.
14. Thirty-six (ASTM D2216) water content samples were taken from the top, middle
and bottom of the tube.
Table 6.3 summarizes the initial testing conditions for both the centrifuge sample and the
prototype in this experiment.
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Table 6.3 Summary of Initial Centrifuge Testing Conditions
Centrifuge Prototype
Test duration 8 hours 2.2 years
Sample Length (m) 0.71 m 35.5 m
Sample Width (m) 0.35 m 17.5 m
-
Sample Height (m) 0.144 m 7.3 m
Initial Water 110 110
Content, w (%)
Initial Void Ratio 3.0 3.0
6.4 Centrifuge Results
Figure 6.3 illustrates the settlement of the tube as measured by the LVDT devices at the
center of the tube, and at another location closer to the edge. The LVDT measurements
at the location closer to the edge failed midway through the test, and data obtained from
the center LVDT was used for all subsequent analyses.
The settlement plots obtained from the centrifuge were scaled to the prototype model
using the relationships summarized in Table 6.2. The scaling equations are as follows:
Height prototype = Height centrifuge (N)
Time prototype = Time centrifuge (N2)
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Figure 6.3 Settlement versus Time Relationship for Centrifuge-Tested
Geotextile Tube
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Utilizing equations 6.2 and 6.3, the initial and final heights of the tube are 7.3 and 5.6
meters, and 6.7 and 5.7 meters respectively for the two LVDT positions. 8 hours of
centrifuge time tested under 50-g translates into a total consolidation time of 854 days
(2.28 years). The prototype plots are provided in Figure 6.4.
At this time, water content testing was conducted to provide more information regarding
the drainage path within the tube. Water content samples were taken from the tube at the
end of centrifuge testing in three separate series. The 11 All series of measurements were
taken at selected points along the middle column of the bag. The IIBII series was taken
approximately 2-3 inches left ofthe centerline and the lIe ll series 2-3 inches to the right
of the centerline. For each of the points 1-4 of each series, a top, middle and bottom
sample was taken and the wate~ content subsequently determined. The results obtained
as summarized in Table 6.4 indicate a trend towards a higher water content (50%) in the
center core of the tube The outer regions of the bag (top and bottom of the sample) had
water contents in the range of 47-50%. These results are comparable to the filtration test
results shown in Figure 3.6.
When the results obtained in this testing section are compared to those obtained from
direct field measurements, the validity of this procedure becomes apparent. Work done
by Gaffney et al (1999) to investigate the water content variation of materials contained
within geotextile tubes with respect to tube depth indicate the presence of a higher water
content center core. The presence of an inner core of increased water content indicates
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that a drainage path exists from some point close to the center of the tube, extending
outward to the fabric itself. This phenomena is illustrated in Figure 6.5.
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Figure 6.4 Settlement versus Time Relationship for Prototype
Geotextile Tube
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Table 6.4' Variation of Water Content within Centrifuge Geotextile Tube
Series Location Series A Series B Series C
Water Content Water Content Water Content
(%) (%) (%)
Top 49.4 49.3 48.4
1 Middle 49.2 50.4 52.1
Bottom 49.7 49.3 49.6
Top 53.3 50.3 48.9
2 Middle 49.7 59.9 50.7
Bottom 48.8 43.7 50.4
Top 48.0 50.1 48.6
3 Middle 49.5 51.5 50.5
Bottom 48.4 51.6 49.6
Top 47.2 52.9 49.0
4 Middle 48.9 48.7 50.6
Bottom 49.6 48.4 48.6
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Figure 6.5 Variation ofWater Content within Geotextile Tube (Gaffney et aI,
1999)
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6.5 Comparison of Centrifuge Results to PSDDF
It was of additional interest to determine if the consolidation behavior of the sample
could be predicted or compared with centrifuge testing. Information from the centrifuge
test setup, including tube dimensions and slurry properties was inputted into the PSDDF
computer program to obtain a computer-generated settlement plot. The following test
conditions were implemented in this analysis:
1. Layer ofkaolinite day 7.30 m in height.
.2. Double drainage exists in the system.
3. Plots ofvoid ratio versus effective stress and hydraulic conductivity, illustrated in
Figures 2.9 and 2.10, accurately represent the consolidation behavior of the clay
and will be utilized in PSDDF.
4. Geotextile will be assumed to be a drainage layer.
5. Boundary conditions for centrifuge model and Prototype shown in Table 6.5.
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Table 6.5 Boundary Conditions for PSDDF Analysis
Prototype Properties Property Values
.Initial Void Ratio of Sediment 3.0
Height of Geotextile layer, cm 1.4 mm (0.56)(in)
Height of lower geotextile layer, 1.4 mm (0.06)
mm (in)
Height of geotextile layer, mm 70 rom (2.75)(in)
Height of clay layer, m (in) 7.30 m (287)
Height of Cap, cm (ft) 70 mm (2.75)
Void Ratio of Incompressible
Foundation 0.5
Permeability of Incompressible 1 x 10-3
Foundation (cm/sec)
Length ofDrainage Path in 30 (l00)Incompressible Foundation m
(ft)
Elevation at Top of
Incompressible Foundation, m 0
Elevation of ExternalWater 7.30 m (287)
Table, cm (ft)
Excess Pore Water Pressure
Where Secondary Compression 25 (1.19)
Starts Ib/ft2 (kN/m2)
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After entering the values given in Table 6.5 to an input file, the PSDDF finite strain
consolidation program was executed. Since the main items of interest in this analysis
were the total settlements of the tube, and the settlements of the tube with respect to time,
plots of settlement versus time for both the PSDDF simulation and the prototype heights
found by the centrifuge are provided in Figure 6.6.
The PSDDF simulation predicted a reduction in initial height (7.3 m) of32.4 percent after
2.2 years (854 days), whereas the centrifuge results indicated a reduction of23.0 percent.
Therefore the PSDDF simulation over predicted the reduction of initial height by 9.4
percent after 2.2 years. It is believed that the difference in estimated values is due
primarily to the evaluation of clay properties. It is likely that the assumed effective stress
versus void ratio relationship was responsible for the error in this analysis.
Another commonly used equation to predict final settlement of a geotextile tube, the
Leschinsky Equation (Equation 3.2), predicted a reduction in initial tube height of38.5
percent assuming a specific gravity (Gs) of2.65, initial water content of 110% (from
Table 6.4) and an average final water content of 50% (Table 6.4). Therefore~ the
Leschinsky equation provides an acceptable estimate of final tube settlement.
Further use of a geotechnical centrifuge may help shed further light on the settlement and
de-watering behavior for various other configurations of tubes and slurries. This type of
approach may be favored in lieu ofprohibitively expensive and time-consuming field
testing and monitoring, if in fact a suitable geotechnical centrifuge is readily available.
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Chapter 7
Conclusions
The consolidation and filtration behavior of geotextile tubes, based on field and
laboratory testing was studied. The PSD of three woven geotextile fabrics were
evaluated through the bubble point, mercury porosimetry and dry sieve techniques.
Vacuum filtration testing was performed to evaluate the flow rate, filtration efficiency,
settlement characteristics and the release of fines through various geotextiles. In
addition, the influence of geotextile PSD and geotechnical properties of the on the
performance of the system was evaluated. In an effort to determine additional methods to
replicate field behavior of geotextile tubes in the lab, centrifuge testing was conducted to
monitor the settlement of the geotextile tube.
This work has demonstrated that these tests can provide valuable information regarding
the filtration behavior of fabrics used in geotextile tubes. The process by which the
information is obtained is summarized in the flow chart provided in Figure 7.1.
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Figure 7.1
FlLTRATIONTESTING
Vacuum Filtration Testing Flow Chart
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FlLTRATION TESTING
From these tests, the following conclusions were drawn:
1. Pore Size Distribution (PSD) testing utilizing the bubble,point, mercury
porosimetry and dry sieve methods indicate that only the bubble point method
provides a complete and accurate characterization of PSD.
2. Vacuum filtration testing revealed that geotextile fabrics used in the study
provided adequate retention and filtration, in most cases allowing less than the
maximum allowable fines, 2500 g/m2• In addition, most filtration efficiencies
were greater than 93%.
3. Engineering properties of the fabrics had only a small influence on fines
migration. In two cases where soil slurries were used, a slight increase in retention
capability was seen with increased fabric weight and ADS. In one case in which a
sludge was used, increased fabric weight and ADS resulted in decreased retention
capability. In addition, slurry water content did not influence the retention
characteristics of any fabric used.
4. Vacuum filtration testing and visual observation indicated that the majority of
fines passage occurs before the formation of a" filter cake, and that the fines that
do pass are often significantly smaller than the smallest characteristic opening
size currently utilized in retention criteria (015). The filter cake which forms on
the geotextile is in a manner consistent with sedimentation, as larger particles tend
to aggregate near the fabric/filter cake surface, and the smaller fines often settle
last and end up at the top of the cake.
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5. Vacuum filtration testing also provided a basis for determining the time to
consolidation (or de-watering) of a geotextile tube. These tests need to be
combined with future field tests to determine ifthe consolidation model utilized is
valid.
6. Several geotextile filtration criteria were examined and deemed acceptable for use
in geotextile tube design. Some filtration criteria were modified for geotextile
tube use. The recommended criteria are as follows:
Slurry Material Retention Permeability Clogging
Sands/Silts 095/D85 < 1.0 kg> kg
0 95 < 0.30 mm or POA(%)=lt05
Clays kg> kg
0 90/D90 = 2.0 - 5.0
7. Centrifuge test results indicate that the settlement and filtration behavior of a
prototype geotextile tube was similar in nature to a full-scale tube.
8. Figure 7.1 shows a vacuum filtration testing flow chart. The flow chart illustrates
the three main components ofvacuum filtration testing: slurry properties, geotextile
properties and vacuum filtration testing.
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Chapter 8
Recommendations For Future Work
It is believed that the majority of the results of this work will be used primarily to aid in
further development of the vacuum filtration and centrifuge tests used to simulate the
consolidation and filtration behavior of geotextile tubes.
It is strongly recommended that field tests be performed in conjunction with either
centrifuge or self-weight consolidation tests to determine how closely the consolidation
model discussed herein matches actual field behavior. A greater range of tests utilizing
many different types of fabric styles and slurry types would provide greater design
confidence to an engineer seeking to use a geotextile tube as a containment or dewatering
solution.
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APPENDIX A. VACUUM FILTRATION TESTING
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and Geotextile B, Water Content =250%
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Figure A.24 Particle Size Distribution ofFilter Cake Material - Slurry C
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Figure A.27 Plot oft/v versus Outflow Volume, Slurry A - Geotextile B
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Figure A.28 Plot of t/v versus Outflow Volume, Slurry A - Geotextile C
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Figure A.29 Plot of t/v versus Outflow Volume, Slurry B - Geotextile A
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Figure A.30 Plot of t/v versus Outflow Volume, Slurry B - Geotextile B
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Figure A.31 Plot oft/v versus Outflow Volume, Slurry B - Geotextile C
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Figure A.32 Plot of Settlement versus Time - Slurry A and Geotextile A
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Figure A.33 Plot of Settlement versus Time - Slurry A and Geotextile B
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Figure A.34 Plot of Settlement versus Time - Slurry A and Geotextile C
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1
Table B.t Determination of Apparent Opening Size of Geotextile A
Specimen Minimum Wt WtPan WtPan %
Diameter Beads Empty w/Beads Passing
(mm) Input (g) (g)
(g)
Al 0.005 50 496.9 543.1 92.4
0.01 50 496.9 511.4 30
0.3 50 496.9 500 6.2
0.5 50 496.9 496.9 a
A2 0.005 50 496.9 542 90.2
0.01 50 496.9 514.9 36
0.3 50 496.9 498.7 7
0.5 50 496.9 496.9 a
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Table B.2 Determination of Apparent Opening Size of Geotextile B
Specimen Minimum Wt WtPan WtPan .%
Diameter Beads Empty w/Beads Passing
(mm) Input (g) (g)
(g)
B1 0.005 50 496.9 508.4 23
0.01 50 496.9 501.9 10
0.3 50 496.9 496.9 0
0.5 50 496.9 496.9 0
B2 0.005 50 496.9 510.9 28
0.01 50 496.9 503.4 13
0.3 50 496.9 496.9 0
0.5 50 496.9 496.9 0
..
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Table B.3 Determination of Apparent Opening Size of Geotextile C
Specimen Minimu WtBeads WtPan WtPan %
m Input (g) Empty w/Beads Passing
Diameter (g) (g)
(mm)
Cl 0.005 50 496.9 507.9 22
0.01 50 496.9 501.9 10
OJ 50 '496.9 496.9 0
0.5 50 496.9 496.9 0
C2 0.005 50 496.9 505.8 18
0.01 50 496.9 500.5 7
OJ 50 496.9 496.9 0
- 0.5 50 496.9 496.9 0
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Table C.l Bubble Point Test Results for Sample A
Pressure Diameter Wet Flow Dry Flow Filter Cum. FF Pore Average Average %
(PSI) (urn) (L/min) (L/min) Flow % % Distr. Diameter Diameter Finer
(urn) (mm)
0.04 339.95 0.00 2.99 0.10 0.10 0.34 99.90
0.06 235.61 0,31 3.79 8.14 8.25 0.08 287.78 0.24 91.75
0.08 187.90 0.55 4.31 4.41 12.66 0.09 211.76 0.19 87.34
0.09 155.66 0.80 4.85 3.86 16.51 0.12 171.78 0.16 83.49
0.11 131.04 1.15 5.37 4.96 21.47 0.20 143.35 0.13 78.53
0.12 122.98 1.34 5.58 2.60 24.07 0,32 127.oI 0.12 75.93
0.13 109.99 1.86 6.01 6.82 30.89 0.52 116.48 0.11 69.11
0.13 107,32 2.01 6.10 2.02 32.90 0.76 108.65 0.11 67.10
0.14 102.18 2,34 6.30 4.33 37.23 0.84 104.75 0.10 62.77
0.15 94.80 2.88 6.58 6.51 43.75 0.88 98.49 0.09 56.25
0.16 90.82 3.20 6.76 3.58 47.33 0.90 92.81 0.09 52.68
0.16 87.62 3.42 6.94 2.01 49.34 0.63 89.22 0.09 50.66
0.18 79.67 3.91 7.39 3.58 52.91 0.45 83.65 0.08 47.09
0.26 55.57 5.83 9.26 10.08 62.99 0.42 67.62 0.06 37.01
0,32 44.36 7.52 10.64 7.67 70.66 0.68 49.96 0.04 29,34
0.40 35.58 9.55 12.27 7.14 77.80 0.81' 39.97 0.04 22.20
0.48 29.88 11.26 13.62 4.86 82.66 0.85 32.73 0.03 17,34
0.64 22.53 14.15 16.28 4.25 86.91 0.58 26.21 0.02 13.09
0.73 19.67 15.78 17.69 2.27 89.18 0.79 21.10 0.02 10.82
0.79 18.31 16.72 18.51 1.14 90.32 0.84 18.99 0.02 9.68
0.87 16.59 18.01 19.63 1.40 91.72 0.81 17.45 0.02 8.28
0.95 15.20 19.03 20.76 0.00 91.72 0.00 15.89 0.02 8,36
0.99 14.56 19.55 21.23 0,35 92.07 0.55 14.88 0.01 7.93
1.02 14.11 19.98 21.58 0.52 92.59 1.14 14,34 0.01 7.41
1.06 13.60 20.52 22.13 0.13 92.72 0.26 13.86 0.01 7.28
1.10 13.08 21.08 22.81 0.00 92.72 0.00 13.34 0.01 7.59
1.20 11.96 22.46 24.04 0.72 93.44 0.64 12.52 0.01 6.56
1.24 11.59 22.96 24.56 0.03 93.47 0.08 11.77 0.01 6.53
1.33 10.87 23.98 25.44 0.80 94.27 1.11 11.23 O.oI 5.74
1.51 9.53 26.22 27.69 0.44 94.71 0,33 10.20 om 5.29
1.55 9.27 26.73 28.18 0.14 94.85 0.54 9.40 0.01 5.15
1.60 9.00 27.25 28.64 0,31 95.16 1.14 9.13 0.01 4.84
1.65 8.75 27.77 29.07 0.37 95.53 1.50 8.88 0.01 4.47
1.70 8.49 28,39 29.52 0.62 96.15 2.37 8.62 0.01 3.85
1.77 8.14 29,31 30,38 0,32 96.47 0.92 8.32 0.01 3.53
1.82 7.93 29.87 30.83 0.43 96.89 1.97 8.03 O.oI 3.11
1.87 7.70 30.43 31.27 0.40 97.29 1.74 7.81 O.oI 2.71
1.92 7.50 30.93 31.66 0.41 97.70 2.03 7.60 0.01 2,30
2.00 7.21 31.73 31.96 1.58 99.27 5.43 7,35 0.01 0.73
2.05 7.04 32.10 32.10 0.72 99.99 4.27 7.12 0.01 om
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Table C.2 Bubble Point Test Results for Sample B
Pressure Diameter Wet Flow Dry Flow Filter Flow Cum.FF Pore Average Average % Finer
(PSI) (um) (L/min) (LImin) % % Distr. Diameter Diameter
(um) (mm)
0.07 212.56 0.00 5.15 0.08 0.08 0.21 99.92
0.07 195.26 0.25 5.40 4.61 4.68 0.27 203.91 0.20 95.32
0.08 176.39 0.41 5.75 2.48 7.17 0.13 185.83 0.18 92.83
0.09 153.44 0.67 6.36 3.39 10.56 0.15 164.92 0.15 89.45
0.12 119.08 1.59 7.56 10.49 21.04 0.31 136.26 0.12 78.96
0.14 103.33 2.44 8.38 8.07 29.12 0.51 111.20 0.10 70.88
0.15 93.49 3.41 8.92 9.10 38.22 0.93 98.41 0.09 61.78
0.17 84.04 4.49 9.44 9.40 47.62 0.99 88.76 0.08 52.38
0.24 58.81 7.92 11.84 19.30 66.92 0.77 71.42 0.06 33.08
0.34 42.73 11.17 14.46 10.33 77.24 0.64 50.77 0.04 22.76
0.40 35.66 13.13 16.07 4.46 81.70 0.63 39.20 0.04 18.30
0.46 31.62 14.58 17.36 2.27 83.97 0.56 33.64 0.03 16.03
0.51 28.07 16.18 18.58 3.10 87.07 0.87 29.84 0.03 12.93
0.57 25.42 17.55 19.86 1.31 88.39 0.50 26.74 0.03 11.61
0.64 22.40 19.23 21.27 2.03 90.42 0.67 23.91 0.02 9.58
0.71 20.38 20.46 22.58 0.20 90.61 0.10 21.39 0.02 9.39
0.82 17.65 22.44 24.62 0.56 91.18 0.21 19.01 0.02 8.83
0.91 15.90 24.01 26.07 0.94 92.12 0.54 16.77 0.02 7.88
1.04 13.82 26.28 28.21 1.03 93.15 0.50 14.86 0.01 6.85
1.10 13.03 27.29 29.23 0.21 93.36 0.27 13.43 0.01 6.64
1.33 10.79 30.85 32.64 1.15 94.51 0.51 11.91 0.01 5.49
1.49 9.64 33.22 34.79 0.98 95.49 0.86 10.22 0.01 4.51
1.61 8.97 34.82 36.29 0.47 95.96 0.69 9.30 0.01 " 4.04
1.76 8.18 36.88 38.24 0.47 96.43 0.60 8.57 0.01 3.57
1.97 7.32 39.55 40.60 0.98 97.41 1.14 7.75 0.01 2.59
2.09 6.88 41.16 41.20 2.49 99.90 5.65 7.10 0.01 0.10
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Table C.3 Bubble Point Test Results for Sample C
Pressure Diameter Wet Flow Dry Flow Filter Flow Cum.FF Pore Average Average % Finer
(PSI) (urn) (L1min) (Limin) % % Distr. Diameter Diameter
(urn) (mm)
0.06 241.49 0.00 9.42 0.04 0.04 0.24 99.96
0.07 214.77 0.13 10.47 1.18 1.22 0.04 228.13 0.21 . 98.78
0.09 167.35 0.92 12.50 6.17 7.39 0.13 191.06 0.17 92.61
0.10 148.03 1.68 13.56 4.97 12.37 0.26 157.69 0.15 87.63
0.10 137.80 2.50 14.23 5.19 17.56 0.51 142.92 0.14 82.44
0.11 135.06 2.91 14.42 2.60 20.15 0.95 136.43 0.14 79.85
0.11 133.45 3.13 14.53 1.37 21.52 0.85 134.26 0.13 78.48
0.12 121.38 5.23 15.43 12.40 33.91 1.03 127.41 0.12 66.09
0.14 100.34 8.90 17.36 17.36 51.28 0.83 110.86 0.10 48.72
0.16 90.65 10.68 18.46 6.59 57.87 0.68 95.50 0.09 42.13
0.17 86.28 11.64 19.03 3.29 61.16 0.75 88.47 0.09 38.84
0.17 83.95 12.30 19.39 2.27 63.42 0.97 85.12 0.08 36.58
0.18 81.36 12.98 19.82 .2.06 65.48 0.80 82.66 0.08 34.52
0.18 81.17 13.05 19.85 0.25 65.74 1.30 81.26 0.08 34.27
0.20 72.88 14.30 21.21 1.69 67.43 0.20 77.02 0.07 32.57
0.20 70.70 14.85 21.64 1.19 68.62 0.55 71.79 0.07 31.38
0.21 69.70 15.11 21.83 0.62 69.24 0.62 70.20 0.07 30.76
0.23 63.82 17.02 23.05 4.61 73.85 0.78 66.76 0.06 26.15
0.23 63.72 17.06 23.07 0.11 73.96 1.09 63.77 0.06 26.04
0.25 56.86 18.95 24.87 2.25 76.21 0.33 60.29 0.06 23.79
0.28 51.57 20.69 26.65 1.45 77.66 0.27 54.22 0.05 22.34
0.31 46.95 22.36 28.42 1.02 78.68 0.22 49.26 0.05 21.31
0.32 44.96 23.08 29.16 0.45 79.14 0.23 45.95 0.04 20.86
0.36 40.01 25.18 31.36 1.18 80.32 0.24 42.48 0.04 19.69
0.37 38.93 25.86 31.90 0.75 81.07 0.69 39.47 0.04 18.93
0.39 36.71 27.60 33.16 2.18 83.25 0.98 37.82 0.04 16.75
0.40 35.70 28.44 33.81 0.86 84.10 0.85 36.20 0.04 15.90
0.41 35.02 28.97 34.24 0.51 84.61 0.75 35.36 0.04 15.39
0.42 34.44 2938 34.61 0.27 84.88 0.46 34.73 0.03 15.12
0.43 33.21 30.29 35.39 0.71 85.59 0.58 33.83 0.Q3 14.41
0.44 33.07 30.38 35.49 0.00 85.60 0.02 33.14 0.Q3 14.40
0.46 31.18 32.06 36.90 1.27 86.87 0.67 32.13 0.03 13.14
0.49 29.53 33.38 38.17 0.59 87.45 0.36 30.36 0.03 12.55
0.51 28.32 34.46 39.50 0.00 87.45 0.00 '28.93 0.03 12.76
0.53 27.17 35.70 40.71 0.24 87.69 0.21 27.74 0.03 12.31
0.55 26.28 36.79 41.51 0.94 88.63 1.06 26.72 0.Q3 11.37
0.56 25.49 37.81 42.28 0.81 89.44 1.02 25.89 0.03 10.56
0.59 24.49 39.08 43.35 0.71 90.15 0.71 24.99 0.02 9.85
0.61 23.56 40.23 44.32 0.61 90.76 0.65 24.02 0.02 9.24
0.63 22.92 40.97 45.05 0.19 90.95 0.30 23.24 0.02 9.05
0.66 21.75 42.19 46.56 0.00 90.95 0.00 22.34 0.02 9.39 .
0,67 21.41 42.54 47.05 0.00 90.95 0.00 21.58 0.02 9.59
0.69 20.93 43.07 47.75 0.00 90.95 0.00 21.17 0.02 9.81
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0.70 20.52 43.66 48.36 0.00 90.95 0.00 20.72 0.02 9.71
0.71 20.27 44.07 48.71 0.00 90.95 0.00 20.39 0.02 9.51
0.73 19.74 44.99 49.48 0.00 90.95 0.00 20.01 0.02 9.07
0.75 19.32 45.66 50.08 0.22 91.17 0.52 19.53 0.02 8.83
0.75 19.11 46.01 50.38 0.16 91.33 0.76 19.21 0.02 8.67
0.77 18.69 46.75 50.95 0.42 91.75 ' 1.01 18.90 0.02 8.25
0.79 18.33 47,43 51.47 0.40 92.15 1.12 18.51 0.02 7.85
0.80 17.96 48.12 52.02 0.37 92.52 0.98 18.15 0.02 7.49
0.81 17.72 48.55 52.35 0.22 92.73 0.91 17.84 0.02 7.27
0.83 17.35 49.23 52.88 0.37 93.10 0.99 17.53 0.02 6.90
0.85 17.00 49.90 53.40 0.34 93.44 0.99 17.17 0.02 6.56
0.87 .16.61 50.72 54.13 0.26 93.70 0.65 16.81 0.02 6.30
0.88 16.45 51.13 54.45 0.22 93.92 1.37 16.53 0.02 6.08
0.89 16.26 51.67 54.81 0.36 94.28 1.86 16.35 0.02 5.72
0.90 16.03 52.23. 55.24 0.27 94.55 1.22 16.15 0.02 5.45
0.92 15.60 53.10 56.13 0.05 94.60 0.12 15.82 0.02 5.40
0.94 15.38 53.51 56.61 0.00 94.60 0.00 15.49 0.02 5.49
0.95 15.11 54.03 57.25 0.00 94.60 0.00 15.24 0.02 5.62
0.98 14.72 55.01 58.22 0.00 94.60 0.00 14.91 0.01 5.51
0.99 14.61 55.33 58.50 0.00 94.60 0.00 14.66 0.01 5.42
1.00 14.37 55.97 59.10 0.11 94.71 0.46 14.49 0.01 5.29
1.01 14.19 56.37 59.54 0.00 94.71 0.00 14.28 0.01 5.33
1.04 13.82 57.21 60.40 0.01 94.72 0.03 14.01 0.01 5.28
1.07 13.51 58.12 61.27 0.13 94.85 0.42 13.67 0.01 5.15
1.09 13.26 58.84 62.14 0.00 94.85 0.00 13.38 0.01 5.30
1.11 13.01 59.43 63.07 0.00 94.85 0.00 13.14 0.01 5.77
1.12 12.85 59.80 63.54 0.00 94.85 0.00 12.93 0.01 5.89
1.13 12.69 60.27 64.01 0.00 94.85 0.00 12.77 0.01 5.84
1.15 12.53 60.78 64.45 0.00 94.85 0.00 12.61 0.01 5.70
1.16 12.39 61.26 64.87 0.00 94.85 0.00 12.46 0.01 5.57
1.19 12.09 62.25 65.77 0.00 94.85 0.00 12.24 0.01 5.36
L28 11.22 65.66 68.49 1.02 95.87 1.17 11.65 0.01 4.13
1.29 11.12 66.06 68.78 0.17 96.05 1.83 11.17 0.01 3.95
1.31 11.00 66.58 69.16 0.22 96.27 1.80 11.06 0.01 3.73
1.33 10.84 67.17 69.61 0.23 96.50 1.50 10.92 0.01 3.50
1.34 10.75 67.55 69.89 0.16 96.66 1.67 10.80 0.01 3.34
1.37 10.55 68.44 70.53 0.38 97.04 1.86 10.65 0.01 2.96
1.38 10.47 68.77 70.78 0.11 97.15 1.42 10.51 0.01 2.85 .
1.39 10.33 69.26 71.24 0.07 97.22 0.52 10.40 0.01 2.78
1.41 10.18 69.79 71.85 0.00 97.22 0.00 10.26 0.01 2.86
1.45 9.92 70.76 72.99 0.00 97.22 0.00 10.05 0.01 3.05
1.47 9.77 71.34 73.59 0.00 97.22 0.00 9.85 0.01 3.06
1.68 8.58 76.57 78.57 0.24 97.46 0.20 9.18 0.01 2.54
1.69 8.52 noD 79.01 0.00 97.46 0.00 8.55 0.01 2.55
1.70 8.48 77.28 79.28 0.02 97.48 0.51 8.50 0.01 2.52
1:71 8.41 77.90 79.76 0.20 97.67 2.71 8.45 0.01 2.33
1.72 8.38 78.12 79.93 0.06 97.73 1.90 8.39 om 2.27
1.73 8.33 78.38 80.11 0.11 97.85 2.52 8.36 0.01 2.15
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Table D.I Mercury Intrusion Porosimetry Results - Sample A
Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (/lm) (mUg) (mUg) (m2/g) (m2/g)
1.51 119.3959 0.0000 0.0000 0.000 0.000
1.97 105.5653 0.0066 0.0066 0.000 0.000
2.98 76.2631 0.0504 0.0438 0.003 0.002
3.98 53.1289 0.1033 0.0529 0.007 0.004
5.48 39.2439 0.1825 0.0792 0.015 0.008
5.98 31.6437 0.2004 0.0179 0.017 0.002
7.47 27.2450 0.2319 0.0315 0.021 0.005
8.45 22.8085 0.2436 0.0117 0.024 0.002
10.46 19.3450 0.2566 0.0130 0.026 0.003
12.95 15.6302 0.2661 0.0094 0.029 0.002
15.95 12.6509 0.2732 0.0071 0.031 0.002
19.96 10.2002 0.2797 0.0065 0.033 0.003
24.98 8.1516 0.2858 0.0061 0.036 0.003
29.96 6.6394 0.2906 0.0048 0.039 0.003
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Table D.2 Mercury Intrusion Porosimetry Results - Sample B
Mean Cumulative Incremental Cumulative Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (/lm) (mUg) (mUg) (m2/g) (m2/g)
1.49 121.3827 0.0000 0.0000 0.000 0.000
1.95 107.0377 0.0131 0.0131 0.000 0.000
2.96 76.8967 0.0684 0.0553 0.003 0.003
3.97 53.3337 0.1709 0.1025 0.011 0.008
5.48 39.2997 0.2207 0.0499 0.016 0.005
5.98 31.6504 0.2340 0.0133 0.018 0.002
7.47 27.2371 0.2664 0.0324 0.023 0.005
8.46 22.7886 0.2850 0.0186 0.026 0.003
10.47 19.3223 0.3180 0.0331 0.033 0.007
12.98 15.6052 0.3546 0.0366 0.042 0.009
15.96 12.6360 0.3994 0.0447 0.056 0.014
19.97 10.1951 0.5161 0.1167 0.102 0.046
24.98 8.1478 0.5739 0.0578 0.130 0.028
29.95 6.6397 0.6106 0.0367 0.152 0.022
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Table D.3 Mercury Intrusion Porosimetry Results - Sample C
Mean Cumulative Incremental Cum. Incremental
Pressure Diameter Pore Volume Pore Volume Pore Area Pore Area
(psia) (/lm) (mUg) (mUg) (m2/g) (m2/g)
1.51 119.8491 0.0000 0.0000 0.000 0.000
1.98 105.6023 0.0004 0.0004 0.000 0.000
2.98 75.9902 0.0011 0.0007 0.000 0.000
3.98 53.0059 0.0016 0.0005 0.000 0.000
5.49 39.1791 0.0021 0.0005 0.000 0.000
5.98 31.5981 0.0022 0.0001 0.000 0.000
7.47 27.2127 0.0026 0.0004 0.000 0.000
8.46 22.7889 0.0028 0.0002 0.000 0.000
10.46 19.3353 0.0032 0.0004 0.000 0.000
12.95 15.6292 0.0036 0.0004 0.000 0.000
15.98 12.6399 0.0042 0.0005 0.001 0.000
19.95 10.1903 0.0049 0.0007 0.001 0.000
24.97 8.1551 0.0057 0.0008 a.OOl 0.000
29.97 6.6396 0.0066 0.0009 0.002 0.001
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